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ABSTRACT 
The Polymer Electrolyte Membrane (PEM) fuel cell has a great potential in leading the 
future energy generation due to its advantages of zero emissions, higher power density 
and efficiency. For a PEM fuel cell, the Membrane-Electrode Assembly (MEA) is the key 
component which consists of a membrane, two catalyst layers and two gas diffusion 
layers (GDL). The success of optimum PEM fuel cell power output relies on the mass 
transport to the electrode especially on the cathode side. The carbon based GDL is one of 
the most important components in the fuel cell since it has one of the basic roles of 
providing path ways for reactant gases transport to the catalyst layer as well as excess 
water removal. A detailed understanding and visualization of the GDL from micro-scale 
level is limited by traditional numerical tool such as CFD and experimental methods due 
to the complex geometry of the porous GDL structural. In order to take the actual 
geometry information of the porous GDL into consideration, the x-ray tomography 
technique is employed which is able to reconstructed the actual structure of the carbon 
paper or carbon cloth GDLs to three-dimensional digital binary image which can be read 
directly by the LB model to carry out the simulation. 
This research work contributes to develop the combined methodology of x-ray 
tomography based the three-dimensional single phase Lattice Boltzmann (LB) 
simulation. This newly developed methodology demonstrates its capacity of simulating 
the flow characteristics and transport phenomena in the porous media by dealing with 
collision of the particles at pore-scale. The results reveal the heterogeneous nature of 
the GDL structures which influence the transportation of the reactants in terms of 
physical parameters of the GDLs such as porosity, permeability and tortuosity. The 
compression effects on the carbon cloth GDLs have been investigated. The results show 
that the c applied compression pressure on the GDLs will have negative effects on 
average pore size, porosity as well as through-plane permeability. A compression 
pressure range is suggested by the results which gives optimum in-plane permeability 
to through-plane permeability. The compression effects on one-dimensional water and 
 
 
oxygen partial pressures in the main flow direction have been studied at low, medium 
and high current densities. It’s been observed that the water and oxygen pressure drop 
across the GDL increase with increasing the compression pressure. 
Key Words: PEM fuel cell, GDL, LB simulation, SPSC, SPMC, x-ray tomography, carbon 
paper, carbon cloth, porosity, permeability, degree of anisotropy, tortuosity, flow 
transport. 
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Nomenclature 
a  = Activity 
ic  = concentration, mol/cm
3 
c
 
= concentration gradient 
Sc  
= lattice sound speed 
D0 = free diffusion coefficient 
De 
= effective diffusion in the porous structure 
eff
jiD ,  = effective binary diffusivity of the pair i  and j  
T
iD  = thermal diffusion coefficient, cm
2/s 
E  = Cell potential, V 
0E  = Reversible cell voltage at standard pressure, V 
ni ,  = error 
ek = velocity of particles moving the k th direction 
F = Faraday constant, 96487 C 
kf  = particle distribution function 
eq
kf  
= equilibrium distribution function 
 tf ik ,x  = the particle distribution function in the direction of k for species i. 
fG  = Gibbs free energy of formation,  
0
fg  = The change in molar Gibbs free energy of formation at standard pressure 
fh  = Enthalpy of formation 
J = Current density, A/cm2 
J0 = Exchange current density, A/cm2 
JL = Limiting current density, A/cm2 
KCK  = KC constant 
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Jk  = permeability pre-factor accounting for liquid saturation 
k  = absolute permeability 
L = length along thickness direction 
xL , yL , zL  
= sample length in the x, y , and z direction, respectively 
iM  = molecular weight of species i, g/mol 
NA = Avogadro number, molecules/mol 
N = total number of pore voxels in the structure 
in  = molar flux rate, mol/cm
2-s 
P = Partial pressure, atm 
P  = applied pressure gradient 
 tQii ,x  = self-collision function between particles of species i. 
 tQij ,x  = cross-collision function between particles of species i and species j 
q  = average velocity in the pressure gradient direction 
iq  = flow rate by LB model in terms of particle distribution functions of all 
species 
ixq ,  = species flow towards x direction at node i in the 3D lattice. 
xq , yq , zq  = average velocity in the x, y , and z direction, respectively 
R = Universal gas constant, 8.3143 J/mol K 
Rinternal = Internal resistance, V 
r
 
= average fiber radius, mm 
t = time 
uf = Fuel utilization 
Vc = Average voltage of one cell in a stack, V 
T = Temperature 
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iu  = bulk velocity of species i, cm/s 
WV  = Molar volume of water 
iv  = molecular velocity, cm/s 
wi = weighting factor for the D3Q19 LB model. 
ix  = Mole fraction of species i  
zyx ,,  = coordination of the origin of elements in the LB scheme 
Greek Letters 
  = Fuel cell efficiency 
  = Overpotential, V 
S  = Surface overpotential, V 
i  = Electro-osmotic drag ratio of species i  
i
kξ  = the particle velocity of species i in direction k 
  = Parametric coefficient 
  = kinetic viscosity 
J  
= phase viscosity 
  = error estimator 
perm  
= order of magnitude of measured absolute permeability 
  = steady state estimator 
i  = density of species i, g/cm
3 
i  = electrochemical potential, J/mol 
i = dimensionless relaxation parameter for self-collision of species i. 
ij = dimensionless relaxation parameter for cross-collision of species i and j. 
i  = percentage difference of the average pressure of each gases 
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  = porosity of the material 
p  = percolation threshold of TS equation 

 = degree of anisotropy based on permebaility 
  = tuning parameter of TS equation 
0  = percolation threshold of porosity 
  = through-plane tortuosity of the material 
G  = Gas phase Viscosity, Pa s 
Abbreviations 
AFC = Alkaline Fuel Cell 
DMFC = Direct Methanol Fuel Cell 
GDL = Gas diffusion layer 
HHV = Higher heating value 
LHV = Lower heating value 
MEA = Membrane electrolyte assembly 
OCV = Open circuit voltage 
ORR = Oxygen reduction reaction 
PAFC = Phosphoric Acid Fuel Cell 
PEMFC = Polymer electrolyte membrane fuel cell 
MCFC = Molten Carbonate Fuel Cell 
SOFC = Solid oxide fuel cell 
SPSC = single phase single component 
SPMC = single phase multi-component 
ADCD = both anode and cathode are supplied with dry gases  
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AWDW = both anode and cathode are supplied with humidified gases 
AWCD = only anode is supplied with humidified gases 
ADCW = only cathode is supplied with humidified gases 
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CHAPTER 1.  Introduction 
 
 
 
1.1. Introduction of Fuel Cell 
 
 
1.1.1. Introduction  
The environment issue has been concerned more and more with the rapid development 
in technology on energy generation. The fossil fuels which still serve as the majority 
energy nowadays have resulted in global warming and put species on earth in danger 
regarding health. Global warming is becoming more serious year by year due to the 
usage of fossil fuels, and the side effects of burning fossil fuels give rise to increasing 
pollutant emissions. Also, the booming population means there will be higher demands 
on energy resource in the future, and this implies that the environment and pollutions 
situations will become worse. Therefore, the need for environment friendly clean energy 
has been voiced as the main trends in energy consumptions. Fuel cells have been widely 
accepted as one of the most promising technologies to achieve this global goal. 
The principle of fuel cells was first discovered in 1838 by German scientist Christian 
Friedrich Schonbein. Soon after this discovery, in 1839 Sir William Grove developed the 
first fuel cell in England. He demonstrated his experience by using electricity to decouple 
water into hydrogen and oxygen. The first commercial use of fuel cells was launched by 
General Electric Company. In 1958, Leonard Niedrach, a GE chemist invented the fuel 
cell using the membrane deposited with platinum which served as catalyst for the 
electrochemical reaction, and this fuel cell is named “ Grubb-Niedrach fuel cell’ after the 
inventors. GE followed up developing this technology with NASA and McDonnell Aircraft 
for further use during Project Gemini. Until 1969, Dr. Bacon successfully produced a 
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practical fuel cell device which was capable of producing 5 kW of power for supplying a 
welding machine. Since the 1970s, fuel cell technology gained more attention. A number 
of companies and research organizations began serious researches into fuel cells on 
areas of identifying the optimum fuel source, material development and component 
design in order to mature the technology for commercial applications. During the 1980s, 
fuel cell technology started to be applied and tested on vehicles. Early in the 1990s 
Daimler-Benz worked in collaboration with Ballard on producing Polymer Electrolyte 
Membrane (PEM) fuel cell powered cars. In 1991, the first hydrogen fuel cell vehicle was 
developed by Roger Billings1. Two years later fuel cell vehicles developed by the 
Canadian company Ballard firstly appeared in the market. In 1996, Toyota manufactured 
a hydrogen–fuelled fuel cell/battery hybrid passenger car. In 2000, AeroVironment 
selected PEM technology to provide night time power for its solar-powered Helios 
long-duration aircraft2. The goal was to make an unpiloted aircraft that could fly 
continuously for up to six months by using photovoltaic panels during the day to run 
electric motors and electrolyze water. At night, the fuel cell ran the motors by converting 
the hydrogen and oxygen back into water. Several test flights were made with and 
without a fuel cell from 2001 to 2003. In more recent years, a number of manufacturers 
including major auto makers and various federal agencies have supported ongoing 
research into the development of fuel cell technology for use in fuel cell vehicles (FCV) 
and other applications, since air quality regulations grow steadily stricter. Energy 
Partners and the U. S. Department of Energy's Office of Advanced Automotive 
Technologies provided two 20 kW fuel cell stacks to Virginia Tech and Texas Tech 
universities to evaluate performance in hybrid electric cars. Major automakers like Ford 
and Volkswagen are also testing PEM vehicles. In 2005, the NASA Glenn Research Centre 
initiated the development of a fuel-cell-powered utility vehicle as a way to reduce 
pollution in industrial settings, fossil-fuel consumption and operating cost for 
transportation systems. The utility vehicle provides an inexpensive approach to advance 
the state of the art for electric vehicle technology in a practical application. Honda 
delivered FCX, an advanced hydrogen-powered fuel cell vehicle, to the world’s first 
individual customer. The 2005 FCX model was powered by Honda’s originally developed 
fuel cell stack (Honda FC Stack) with the breakthrough capability to start and operate at 
sub-freezing temperatures as low as -4°C, along with increased performance, range and 
fuel efficiency compared with earlier models.  
Fuel cells have been widely recognized as the candidate for future power system and are 
now expected to replace traditional power sources in coming years from micro fuel cells 
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to be used in cell phones to high-powered fuel cells for stock car racing, and even 
military communications equipment. Since fuel cell can provide power from a few watts 
up to megawatts3, this makes fuel cell a unique energy converter. In recent few decades, 
massive work has been carried out by researchers and industries from which harvest 
valuable achievements on fuel cell research, development and manufacturing.  
1.1.2. Fuel Cell Types 
A fuel cell is an electrochemical energy converter that converts chemical energy of fuel 
directly into electricity. The earliest fuel cell basically consists of an electrolyte and two 
catalyst coated electrodes after its development for decades, nowadays there are mainly 
six types of fuel cells depending on the fuel source, electrolyte materials and operation 
principles: 
Alkaline Fuel Cell (AFC) 
The Alkaline Fuel Cells (AFC) were one of the first developed fuel cells which 
demonstrate efficiency of 60%~70%. Due to their high performance, since 1960s the 
AFCs have been used by the U.S. in space program for providing electrical energy and 
water for the on-board systems. An AFC employs a water-based aqueous solution of 
potassium hydroxide (KOH) as the electrolyte. Depending on the concentration of the 
electrolyte, it can operate at temperature range between 60°C and 250°C. The catalyst 
requirement for the AFC is easy managed, as it can be any inexpensive metal materials. 
However, one disadvantage of the AFC is its sensitivity to carbon dioxide (CO2) which 
may exist in fuel or in air. The reason is that even a small amount of CO2 will react with 
the electrolyte and poison it. This can result in serious degradation of the fuel cell 
performance. Therefore the fuel requirement for AFC is restricted to pure hydrogen and 
oxygen to ensure the fuel cells’ operation and lifetime. Due to this reason, on one side it 
adds more cost on AFC manufacturing; on the other side it limits the AFC application to 
automobile applications. 
Phosphoric Acid Fuel Cell (PAFC) 
The Phosphoric Acid Fuel Cell (PAFC) is the first commercialized fuel cell which is used 
for stationary power generation. The PAFC uses hydrogen and oxygen as fuel, high 
concentration or near pure liquid phosphoric acid as its electrolyte and porous carbon 
electrodes coated with platinum as catalyst. One important characteristic of the PAFC is 
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that the electrolyte of phosphoric acid is temperature sensitive. Since pure phosphoric 
acid solidifies at temperature of 42°C, it requires that the operation of PAFC must be 
above this temperature. For the optimum performance, the operation temperature of a 
PAFC is usually between 180°C and 220°C4. A PAFC produces higher efficiency of 
70%~85% when it is used in co-generation electricity applications, but gives only 
30%~40% of efficiency for its solo application in generating electricity. Another 
advantage of this type of fuel cell is that CO2 does not affect the electrolyte. So it can be 
operated with the reformed fossil fuel without sacrificing the performance of the fuel 
cell. Due to the usage of platinum catalyst, the cost of the PAFC is expensive. 
Molten Carbonate Fuel Cell (MCFC)  
The Molten Carbonate Fuel Cell (MCFC) is a high-temperature fuel cell which uses a 
molten mixture of carbonate salts as electrolyte. The molten mixture used usually is 
lithium carbonate and potassium carbonate, or lithium carbonate and sodium carbonate, 
which is immobilized in a porous, chemically inert ceramic lithium aluminum oxide 
matrix. In order to melt the carbonate salts to enable high ion mobility through the 
electrolyte, the MCFC operates at very high temperature of 650°C and above. At this 
temperature the fuels can be converted to hydrogen within the fuel cell internally. This 
advantage provides the fuel flexibility and also it means that an external fuel processor 
will be needed for obtaining hydrogen from those fuels. The electrical efficiency of a 
typical MCFC is near 50%, but when it is combined with other heat and power 
application such as turbine, the efficiency can reach to 65% or above. When the waste 
heat is reused, the overall fuel efficiency can approach close to 85%. One of the main 
disadvantages of the MCFC is that at very high operating temperature, the carbonate 
electrolyte can cause electrode corrosion problem and further decreasing the cell life. 
Therefore for scientists, corrosion-resistant materials for the component and better fuel 
cell design are one of the important issues for improving the MCFC durability. 
Solid Oxide Fuel Cell (SOFC)  
The Solid Oxide Fuel Cell (SOFC) is another type fuel cell which operates at high 
temperature of 600°C ~1000°C. It usually uses a solid ceramic as the electrolyte. The 
materials needed for the electrode are specially required to be able to withstand the 
high-temperature environment and exhibit conductivity and catalytic activity. For the 
anode electrode, the common material is nickel-YSZ (yttria-stabilized zirconia) cermet. 
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For the cathode side, the electrode material can be chosen among strontium-doped 
lanthanum manganite (LSM), Lanthanum-strontium ferrite (LSF), Lanthanum-strontium 
cobaltite (LSC) and Lanthanum strontium cobaltite ferrite (LSCF). Due to the high 
operating temperature, the SOFC has the advantage of using various types of fuels. It 
also offers operating efficiency around 50%~60%, and when combined with heat and 
power application, the overall fuel cell efficiency can reach 80%~90%. However, the 
high operating temperature also brings challenges for the SOFC. One of the main issues 
is the durability requirements on materials. Others include sealing issues, relative 
expensive components and fabrication. An intermediate temperature SOFC operating 
below 800 ºC could relieve most problems associated with high temperature operation. 
Proton Exchange Membrane Fuel Cell (PEMFC)  
The Polymer Electrolyte Membrane (PEM) Fuel Cell or Proton Exchange Membrane Fuel 
Cell (PEMFC) is a type of fuel cell which uses hydrogen and oxygen as fuel and a solid 
polymer as electrolyte. It operates at relative low temperature around 80ºC which 
allows it to start quickly. Also the usage of solid electrolyte simplifies the sealing issue 
compared with using liquid electrolyte. Other advantages are low sensitivity to 
orientation and high power-to-weight ratio. Therefore PEM fuel cells are practically 
suitable for use in passenger cars and buses and portable applications. Despite those 
advantages that the PEM fuel cells offer, disadvantages still exit. For example, the usage 
of platinum as catalyst brings in the problem of carbon monoxide poisoning to the 
catalyst as well as the cost issue; another difficulty limiting the PEM fuel cell application 
on vehicles is to store enough hydrogen on-board. Due to its advantages of low emission 
and high efficiency, the PEM fuel cells have gained wide attentions by the researches and 
industries. 
Direct Methanol Fuel Cell (DMFC)  
The Direct Methanol Fuel Cell (DMFC) was developed in early 1990s and is relative 
young compared to other type of fuel cells. Similarly to PEMFC, it also uses polymer as 
electrolyte. But different from the PEMF which uses hydrogen as fuel operating at 
temperature in range of 50ºC ~120ºC, the DMFC is powered by pure methanol which is 
oxidized in presence of water at the anode. Because methanol has higher energy density 
than hydrogen, the DMFC does not have the fuel storage problem compared to other fuel 
cells. Therefore the DMFC is an ideal candidate for small applications. One of the main 
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concerning of the DMFC is that methanol is toxic. Therefore ethanol has been considered 
as the fuel supply to be developed which is called the Direct Ethanol Fuel Cell (DEFC), 
though the performance of the DEFC is currently much lower than the DMFC. 
1.1.3. Fuel Cell System 
The purpose of fuel cell system is to deliver required amount of power to the specific 
applications. Since a single fuel cell can provide only about 0.6-0.7 V at operational 
current level, multiple fuel cells are required to meet the power needs. Besides fuel cells, 
other components are also needed in order to ensure the fuel cells running, such as fuel 
supply systems, cooling systems, and power regulation system. The design of fuel cell 
systems is complicated and varies significantly depending upon fuel cell types and 
applications. But in general, most fuel cell systems consist of four basic subsystems: (1) 
the fuel cell stack; (2) fuel delivery/processor; (3) power electronic subsystem and (4) 
thermal management subsystem. Figure 1.1 illustrates the fuel cell system components 
and the flow chart. 
 
 
Figure 1.1 Fuel cell system components and flow chart 
 
Fuel Cell Stack 
In order to improve the power density output, rather than using a single fuel cell unit, a 
series of fuel cells are interconnected to generate much larger voltage. Such 
multiple-fuel cells is called fuel cell stack which is the most important part of a fuel cell 
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system. A typical fuel cell stack may consist of hundreds of single fuel cells. Even though 
factors such as fuel cell type, size and operating temperature may affect the amount of 
power output, overall the fuel cell stack can produce considerable energy for various 
applications. 
Fuel Delivery/Processor 
Providing fuel to fuel cell system is an important issue. Nowadays, most of the practical 
fuel cells use hydrogen or compounds containing hydrogen as fuel. This leads to two 
main choices for fueling fuel cell system which are either using hydrogen directly or 
using a hydrogen carrier. For the former, the concern is hydrogen storage since 
hydrogen is not an easily available fuel. There are three most adopted ways to store 
hydrogen: as a compressed gas, as a liquid or in a metal hydride. If a hydrogen carrier is 
used, it permits higher energy storage density. A hydrogen carrier is a chemical species 
that is used to convey hydrogen to a fuel cell. Typical hydrogen carriers are methane, 
methanol, sodium borohydride, formic acid and gasoline. Instead of directly using in fuel 
cell, most hydrogen carriers need to be processed to produce hydrogen gas. Only a few 
hydrogen carriers can be used directly by fuel cells, such as methane for SOFCs and 
MCFCs and methanol for DMFCs.  
Power Electronic Subsystem 
The power electronic subsystem performs main functions of power inversion and power 
regulation. A fuel cell generates electricity in the form of fluctuate Direct Current (DC) 
which is not stable, hence the current firstly will be converted to a stable and specified 
DC voltage output. Besides, it also needs to be converted into Alternating Current (AC) 
before it can be supplied to various applications. Therefore an AC/DC converter will 
transform the DC power into specified AC power according to applications.  
Thermal Management Subsystem 
During operation, the fuel cell stacks will generate amount of heat, and if the rate of heat 
generation is too quick, it may overheat the cell stacks. If there is not sufficient cooling 
for the stacks, the heat will accumulate and have negative effects on fuel cell 
performance. So the requirements of cooling system largely depend on fuel cell types 
and their size. Cooling can be achieved through methods such as forced convection or 
active liquid cooling. On the other hand, for those fuel cells that operate at high 
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temperature such as solid oxide fuel cell systems and molten carbonate fuel cell systems, 
the generated heat is often used beneficially such as to provide heat for the 
electrochemical reactions for their own cells or to be converted to electricity via a gas 
turbine. 
 
1.2. Polymer Electrolyte Membrane Fuel Cell  
 
 
1.2.1. Introduction 
As introduced briefly before, the PEM fuel cell stands for Polymer Electrolyte Membrane 
fuel cell, or Proton Exchange Membrane fuel cell, using hydrogen as its fuel choice and 
the polymer membrane as its electrolyte. In order to maintain the conductivity, the 
polymer membrane must be hydrated with liquid water. The operating temperature of 
PEM fuel cell is usually around 80°C. Figure 1.2 illustrates the basic PEM fuel cell 
structure.  
Typical PEM fuel cells have five main compartments: anode and cathode gas channels, 
anode and cathode porous diffusers and polymer electrolyte membrane.  
Anode gas channel —— reactant gases, hydrogen and water vapour, are supplied to the 
fuel cell through the anode gas channel. 
Anode porous electrode —— the porous electrode/ gas diffuser provides the reactant 
gases the path to diffuse through the electrode to the catalyst layer, which is sandwiched 
between the electrode and membrane. Electrons will be conducted from the catalyst 
layer to the electrode.  
Anode catalyst layer —— the place where the chemical reaction takes place. During the 
reaction, hydrogen transported from the electrode will be oxidized and releases protons 
(hydrogen ions) and electrons. 
Proton exchange membrane —— hydrogen ions will diffuse through the membrane to 
the cathode catalyst layer to join the chemical reaction. Water within the membrane will 
not only diffuse from cathode to anode, but also be electro-osmotically dragged from 
anode to cathode, as can been seen in Figure 1.2. The anode electrode, membrane and 
cathode electrode together are usually called the membrane electrode assembly (MEA). 
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Cathode catalyst layer —— the place where the oxygen reduction reaction takes place. 
Oxygen, proton ions diffusing from anode to cathode catalyst layer and the electrons 
coming from external circuit together react to form water.  
Cathode porous electrode —— through this porous electrode/gas diffuser, reactant gases 
coming from the gas channel will reach the cathode catalyst layer to take part in the 
chemical reaction. 
Cathode gas channel —— from which the reactant gases, oxygen, nitrogen and water 
vapour, are supplied to the fuel cell. 
 
 
Figure 1.2 Polymer Electrolyte Membrane (PEM) fuel cell 
 
26 
 
So it is known that the core component in a PEM fuel cell is the membrane electrolyte 
assembly (MEA). The electrolyte membrane which is in between the anode and cathode 
gas diffuser, is typically made of perfluorocarbon-sulfonic acid ionomer. Hydrated 
membrane presents good conductivity for protons and prevents electrons from getting 
through. The electrolyte is an ion conducting polymer, in which hydrogen ions can move 
freely. The catalysed electrodes are bonded to both sides of the membrane, and provide 
pathway for gases and water to move through. The basic structure of a PEM fuel cell is 
shown in Figure 1.1. The chemical reaction takes place at the catalyst layers. During the 
chemical reaction, hydrogen splits into electrons and hydrogen ions at anode side 
catalyst layer. By the oxygen reduction reaction at the cathode side, liquid water is 
generated as product. Since the voltage of a single cell is about 1V, more cells are needed 
for higher voltage requirement to meet practical applications. And this can be achieved 
by stacking up series single fuel cells. Depending on application, the output voltage may 
be between 6V and 200V or even more. 
PEM fuel cells have many advantages that make them distinguished from other energy 
conversion resources, such as: (1) High power density. Since the fuel cell efficiency is 
much higher than the efficiency of internal combustion engines, PEM fuel cells now are 
attractive for vehicle applications. (2) Low or zero emissions. Due to the usage of 
hydrogen as fuel, PEM fuel cell is operating with zero emissions. The only exhaust is the 
unused air and product water. However, as hydrogen fuel is not readily available, if a 
hydrogen generator is used, for example, some emissions will be generated including 
carbon dioxide. Overall, these emissions are lower than other conventional energy 
conversion technologies5. (3) Good start and off capability.  
1.2.2. Electrochemical Reactions and Thermodynamics 
Basic Chemical Reactions 
In a PEM fuel cell, hydrogen humidified with water vapour is supplied to the fuel cell 
from the anode gas channel. The flow of gases diffuses through porous gas diffuser by 
diffusion and convection, and reaches anode catalyst layer. Hydrogen fuel mixture reacts 
at the catalyst–membrane–gas interface via the electrochemical reaction:  
H2   2 H
 + 2e    [1.1] 
27 
 
Two electrons generated by one molecule of hydrogen in this reaction flow through 
external circuit to the cathode catalyst layer while the hydrogen protons transport 
through the membrane to the cathode catalyst layer. The oxygen diffuses through the 
porous electrode reaching the cathode catalyst layer. The oxygen reduction reaction 
therefore take place at cathode catalyst layer and water is generated as the product.  
2
1
O2 + 2 H
 + 2e     H2O  [1.2] 
The overall reaction happen within the fuel cell is: 
H2 + 
2
1
O2 H2O  [1.3] 
 
Open Circuit Voltage  
In a PEM fuel cell, the chemical energy of hydrogen and oxygen convert to the electrical 
energy. In order to define this chemical energy, Gibbs free energy is introduced. It can be 
defined as ‘the energy available to do external work, neglecting any work done by 
changes in pressure and/or volume’. In the fuel cells, it is the change in the Gibbs free 
energy of formation fG  that gives the energy release5. This change is the difference 
between the Gibbs free energy of the products PfG ,  and the Gibbs free energy of the 
reactants RfG , . 
Pff GG ,  Rf
G ,     [1.4]
 
For the PEM fuel cell using hydrogen as fuel, this gives the change in molar Gibbs free 
energy of formation fg : 
222
)(
2
1
)()( OfHfOHff gggg     [1.5] 
If there are no losses in fuel cell, then all the Gibbs free energy is converted into the 
electrical energy. The voltage under this condition therefore is considered as the ‘open 
circuit voltage’ (OCV).  
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The electrical work done = FE2  
so: FEg f 2  
where E is the cell potential, and F is the Faraday constant, 96487 C/mol. 
Therefore, the OCV is defined as: 
F
g
E f
2

   [1.6] 
Efficiency 
The heat produced by the chemical reaction is called the ‘enthalpy of formation’,
fh  ,which is negative when energy is released. There are two different values for fh . 
Higher calorific value (HHV) stands for the liquid water product and lower calorific 
value (LHV) stands for the vapour phase water product. Generally, LHV is used in 
calculation since it gives higher efficiency. For a 100% efficiency fuel cell system, the 
voltage will be gained as: 
F
h
E f
2

  
  = 1.48   (using HHV) 
         or = 1.25   (using LHV)     [1.7] 
Since the hydrogen fuel fed to a fuel cell will not be completely used, a fuel utilisation 
coefficient fu  is introduced: 
fu = celltoinputfuelofmass
cellinreactedfuelofmass
    
The fuel cell efficiency   therefore is given by: 
 %100
48.1
cf
V
     
or 
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            
%100
25.1
cf
V
         [1.8] 
where cV  
is the average voltage in one cell.  
Nernst equation 
Since the reactant gases in the fuel cell are considered as ‘ideal gases’, the partial 
pressure of the reactant gases can be associated with ‘activity’ which is defined as: 
0P
P
aactivity   
where the 0P  is the standard pressure, P is the partial pressure of the reactant gas. The 
activity of the reactants and products modify the Gibbs free energy change of a reaction. 
From thermodynamic point of view in the case of the fuel cell reaction [1.3], it can be 
expressed as: 
)ln(
2
22
2
1
0
OH
OH
ff a
aa
RTgg

     [1.9] 
where the 
0
fg is the change in molar Gibbs free energy of formation at standard 
pressure. For the vapour phase of water, the activity is 
0
2
2
2
OH
OH
OH P
P
a  . In the case of 
liquid water product, it is reasonable to assume that OHa 2 =1 
Substituting Equation [1.9] into Equation [1.6] gives: 
)ln(
22
2
22
2
1
0
OH
OHf
a
aa
F
RT
F
g
E



  
= )ln(
2
2
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2
1
0
OH
OH
a
aa
F
RT
E

    [1.9] 
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Equation [1.9] is called Nernst equation which reflects the voltage in terms of product 
and reactant activity.  Since the activity of liquid water equates to one, Equation [1.9] 
for liquid water then can be simplified to the form shown in Equation [1.10] which was 
reported in the work of Amphlett et al30:  
50 103085.4  EE [
2H
p
2/1
2O
p ]      [1.10] 
where )15.298(1085.0229.1 30   TE  
 
1.2.3. Irreversible Voltage 
In a fuel cell, the voltage will deviate from its equilibrium voltage and decrease with 
increasing current density. Primarily, there are four factors contributing to this voltage 
drop: 
—— Activation polarization 
—— Ohmic polarization 
—— Mass transfer and concentration polarization 
—— Fuel crossover and internal current 
 
Figure 1.3 Fuel cell polarization curve6 
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Activation polarization 
The activation polarization is due to the electrochemical reaction taking place. A portion 
of voltage will drop due to driving the electrons to or from the electrode during the 
chemical reaction. This voltage is highly non-linear and is necessary for starting up the 
chemical reaction. It can be given related to current density by Tafel equation: 
)ln(
2 0J
J
F
RT
act       [1.11] 
where J is the current density, R and T are Universal gas constant and temperature, 
respectively. 0J  
is the exchange current density at which the overvoltage begins to 
move from zero.  
From the work of Amphlett et al7, parametric coefficients have been applied to define 
the total activation polarization.  
)ln()ln( 4321 2 JcTT Oact       [1.12] 
And these parametric coefficients have been experimentally determined from the 
Ballard Mark IV fuel cell: 
)][ln(000187.0)ln(104.700312.09514.0
2
5 JcTT Oact 
   [1.13] 
The activation overpotential is the largest loss at any current density, as can be seen 
from Figure 1.3. At low and medium temperature fuel cell, the activation polarization is 
the most significant irreversibility and causes voltage drop (mainly at cathode for 
hydrogen fuel cell). In fuel cells using fuels other than hydrogen such as methanol, the 
activations at both anode and cathode electrodes are important.  
Ohmic polarization 
This voltage drop exists because of the resistant from electrode materials，inter 
connections from which electrons flow through and the resistant from the membrane 
when ions flow through it. The voltage drop is linear proportional to the current density. 
The Ohmic polarization is important in all types of fuel cell, especially in solid oxide fuel 
cell (SOFC). The total ohmic polarization is expressed by:  
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ernalprotons
ohmic
electronic
ohmic
total
ohmic JR
int 
   
[1.14] 
where i is the current density in mAcm-2, and ernalRint  is the total internal resistance of 
the fuel cell.  
An empirical relationship of cell temperature and current density on the active area of 
the resistance of the fuel cell was developed by Amphlett et al30 
JTR ernal 55int 100.8105.301605.0    [1.15] 
Combining equation [1.14] and [1.15] gives: 
)100.8105.301605.0( 55int JTJJR ernaltotalohmic
     [1.16] 
Mass transport or concentration polarization 
During the reaction, the concentration of reactant gases on the surface of electrodes will 
change as the fuel is consumed. This concentration loss results in the loss of reactant 
gases transferring to the surface of electrodes. So this concentration polarization is also 
called mass transport loss and is defined by: 
)1ln(
2 L
transportmass J
J
F
RT
   [1.17] 
where LJ  is the limiting current density. This limiting current density relates to the 
maximum rate of consumption at the catalyst surface and the diffusion rate of the 
reactant. When the fuel consumption is faster than it can be delivered to the surface, the 
surface concentration reaches zero. The current density when this happens is called the 
limiting current density. 
If internal current density due to fuel crossover is included, equation [1.17] becomes: 
)1ln(
2 L
n
transportmass J
JJ
F
RT 
 … [1.18] 
An empirical expression describing the polarization losses was suggested by Kim et al8: 
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)exp(
d
J
c
transportmass
   [1.19] 
where: c and d are all empirical coefficients, with values of c=3x10-5 V and 
d=0.125Acm-2 . 
The mass transport or concentration polarization is particularly important where 
hydrogen fuel is supplied from some kind of reformer, for it will be difficult in increasing 
hydrogen supply rate to satisfy the reaction demand. In PEM fuel cell, the removal of 
water can also cause the problem of mass transport or concentration loss. 
Fuel crossover and internal current 
This voltage drop is due to the loss of unused hydrogen fuel moving from anode through 
the membrane to the cathode and reacts directly with oxygen, which is called fuel 
crossover. The hydrogen crossover will not only reduce the cathode potential and lower 
the efficiency, but will also produce peroxide at cathode side which will attack the 
catalyst later and cause membrane degradation. The internal current caused by fuel 
crossover can be included into equation [1.16] as discussed above.  
Combining the Irreversibilities 
The operating voltage of a fuel cell can be obtained by combining all these polarization 
losses (Eqn [1.11], Eqn [1.16], Eqn [1.18]). This gives the overall equation: 
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1.2.4. Literature Reviews on PEM Fuel Cells 
PEM fuel cell technology has been developed and improved dramatically during the past 
few decades especially on numerical modeling and simulation9,10 in order to have a 
better understanding on the phenomena occurring in the PEM fuel cells. In the earlier 
works, simple zero dimensional models were introduced11,12,13,14. Even though these 
models are simple compared to today’s models, they can still fit the experimental data. 
However, these models are difficult in predicting the PEM fuel cell performance in depth. 
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In the past several decades, research works on fuel cell are moving towards developing 
more complex, accurate and complete models. Many models have incorporated complex 
effects such as two phase flow and flow field design15,16, multi-dimensional, transient, 
and microscopic effects17. These models provide engineers and manufacturers with 
information on cell performance given geometric parameters, material properties and 
operating conditions such as temperature, pressure and humidity. Most modeling 
contributions focus on modeling of water profile in fuel cell especially in the membrane 
region, cathode losses and integrated modeling of the combined losses in the fuel cells18. 
Furthermore other modeling approaches such as computational fluid dynamics has 
made efforts in areas of flow in the gas channel, convection in the gas diffuser and the 
study of interdigitated flow field 19 . The earlier pioneer works of Bernardi and 
Verbrugge20,21 and Springer et al22 have made great contributions to PEM fuel cell 
modelling. Bernardi and Verbrugge built their model to estimate the water transport 
and cell polarization as well as catalyst utilization. In the work of Springer et al, they also 
introduced a one-dimensional model from fundamental theory to analyse the water 
transport through the cell. Although these works are based on fundamental theory, they 
have enlightened future researchers since many model developed later are based on 
their contributions.  
For the PEM fuel cell, the MEA is considered as a very important part in the PEM fuel 
cells. The electrolyte is a proton-conducting membrane which allows the transport of 
water and protons. It is known that the membrane needs to be kept hydrated in order to 
conducting ions. So an important element responsible for PEMFC performance is the 
water content dependency of the proton conductivity of the membrane. The water in the 
membrane is driven by diffusion, osmotic-drag and hydraulic permeation. Numerical 
modeling of water transportation through the membrane region was reported at various 
levels by many groups. In earlier work of Verbrugg et al23,24 they reported extensive 
modeling study on transport properties of ion exchange membrane based on dilute 
solution theory. Zawodzinski et al 25  described the water transport and uptake 
characteristics and conductivity of Nafion 117 membranes under conditions relevant to 
PEFCs. Fuller and Newman26 developed a two-dimensional PEM fuel cell model to 
investigate the water management through the membrane electrolyte region and 
suggested a proper hydration of membrane for maintaining the effective conductivity. 
Similar work was reported by Nguyen and White27. They developed a two-dimensional 
model which accounted for the influence of humidification design on water transport by 
osmotic-drag and diffusion in the membrane as well as cell their influences on cell 
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performance. Djilali et al 28  demonstrated the two-dimensional effects on water 
management in membrane and electrodes through investigation of cell voltage, 
concentration polarization and humidification. Gurau et al29 numerically studied the 
whole PEM fuel cell sandwich including the channels and revealed liquid water velocity 
distribution in membrane region and oxygen and water distribution in channels. 
Amphlett et al30,31 developed a PEM fuel cell model using combined mechanistic and 
empirical technique. The mass transport properties were treated using Stefan-Maxwell 
equations by the mechanistic model while the empirical analysis accounted for the 
parametric coefficient used in the model. The obtained results agreed well with the 
experimental data. The fluid transport through porous electrode was examined by 
Mennola et al32. In their work a two-dimensional isothermal PEM fuel cell model was 
developed by which the mass transport on the cathode of a free convection cell was 
examined using measured current distribution data to prescribe boundary conditions 
for oxygen and water fluxes. Springer et al33 modeled the detailed losses in the cathode 
of the PEM fuel cell. They concluded that based on the measurements of the overall cell 
polarization and of cathode polarization, the anode losses in a well humidified PEM fuel 
cell with pure hydrogen supplement are negligible. Vafai and Khakpo34 firstly reported 
a comprehensive analytical PEM fuel cell model for studying the transport phenomena 
within PEM fuel cells. Their work included both transverse and axial convection 
transport as well as transverse diffusive transport process in gas supply channels and 
porous GDLs which were treated as macroscopically homogeneous porous media. Other 
works on water transportation were reported by Mazumder et al35, Nam et al36, 
Natarajan et al37, Kulikovsky38 and Weber and Newman39,40,41.  
The research works of PEM fuel cell are exhaustive. Besides above listed literatures, 
many other modeling works have been carried out dealing with aspects such as gas 
channel study42,43,44,45,46,47 and the catalyst layer modeling48,49,50,51,52,53,54. Among those 
works main modeling effort usually focus on water profile in the cell especially in MEA 
region, cathode losses, thermal management or overall polarization in the cell. The 
modeling approaches are various from one-dimensional to three-dimensional models 
and from single phase to multi phase modeling. By these efforts the PEM fuel cell 
research has gained extensive progress and moving towards new level. However, in 
almost all the literatures, the studies of the porous GDL in PEM fuel cell were limited by 
using stochastic techniques to generate the reconstructed three-dimensional GDL. The 
actual microstructures of the GDLs have to be neglected due to the restrictive length 
scale involved. Therefore the requirement of actual microstructure reconstruction of the 
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GDLs is necessary in order to gain a better understanding of the interior structural 
characteristics of GDLs and flow transport phenomena from pore-level. 
 
1.3. Objective of the Research 
The GDLs are carbon based materials of either carbon paper or carbon cloth. Due to the 
complex geometries of the carbon based GDLs, the requirement of detailed 
understanding of the microstructural of GDLs from pore-scale is necessary. The object of 
this project therefore is to investigate the microstructures of the porous carbon based 
GDLs and the fluid flow transport phenomena within the GDLs. It is known that the mass 
transfer effects are more significant in the cathode than anode; also the anode can be 
modelled as a simplified cathode model. For these reasons the simulation interest 
mainly focuses on the cathode GDL model throughout the whole study. 
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CHAPTER 2.   Literature Reviews on Gas 
Diffusion Layers 
 
 
 
2.1. Gas Diffusion Layers in PEM Fuel Cells 
In a PEM fuel cell, the GDL plays important roles including: (1) to enable the reactants 
transport through to the catalyst layers; (2) to drive away excess water from the catalyst 
layers to the channels and (3) to conduct electrons from the catalyst layers to the bipolar 
plates. These functions therefore require better understanding of the GDLs from 
structure, material and transport phenomena points of views since it is essential that the 
GDLs are designed and manufactured to meet their requirements for fuel cell 
conditions55,56.  
2.1.1. Characteristics of Gas Diffusion Layers 
The performance of the PEM fuel cells can be strongly influenced by the GDL properties 
such as hydrophobicity and hydrophilicity, porosity and pore connectivity, permeability 
and electrical conductivity. These critical properties have to be characterized to ensure 
that they can be balanced properly so that the fuel cells can operate without problems 
such flooding.  
Hydrophobicity and Hydrophilicity 
Hydrophobicity of a GDL manages the water in the fuel cell. It equips the electrode with 
water removal ability. Polytetrafluoroethylene (PTFE) is known as the most common 
hydrophobic agent to improve the hydrophobicity of a GDL57,58. The effect of PTFE on 
PEM fuel cell performance has been examined widely. When the PTFE content increases, 
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the porosity of the GDL will conversely decrease which will result in increasing of 
oxygen transport resistance59. However, if the PTFE content is too low, the water 
removal abilicity of GDLs will be weakened60. In the literature the optimum PTFE 
content for near saturation condition was reported to be between 15 and 20 wt %61.  
Wang and Lim62 studied the effect of hydrophobic fluorinated ethylene propylene (FEP) 
content on power performance of the PEM fuel cell and suggested that an optimum FEP 
loading of 10% is enough to exhibit good hydrophobicity for effective water removal 
while also remains the GDL surface suitable for the reactant and product transportation. 
Lin and Nguyen63 found that gas transport and liquid water transport can be improved 
by adding PTFE to the GDL to increase the wet-proof level when a cell operates under 
flooding condition. However, they also pointed out that too much PTFE loading can 
reduce the hydrophilic pathways and it will prevent liquid water from diffusing out of 
the catalyst layer and through the GDL hence make the electrodes in the risk of flooding. 
Gostick et al64 presented a work to measure the capillary pressure curves to determine 
the pore size distribution and the void fractions of only hydrophilic pores of various 
commercially available GDLs. Their measurements enabled the determination of the 
flooding situations in the GDLs. Liu et al65 examined the effect of hydrophobic agent 
content on GDL thickness, contact angle, air permeability and surface and through-plane 
resistivity. The results revealed the relationship between the hydrophobic agent content 
of the carbon fiber cloth and fuel cell performance. Prasanna et al66 concluded that at 
low quantity of hydrophobic content of the porous gas diffusion media the reactant 
permeability is affected by poor water removal but higher hydrophobic loading the gas 
diffusion loss increases. A model for investigating the influence of hydrophobicity and 
porosity of the gas diffusion media on water impregnation and gas diffusion through the 
GDL was presented to explain the influence of the diffusion layer morphology on cell 
performance by Jordan et al67. Park et al68 studied the effect of PTFE concentration in 
the MPL on the PEM fuel cell performance. The mercury porosimetry and water 
permeation experiments show that PTFE increases the resistance to water flow through 
the gas diffusion while increases volume fraction of hydrophobic pores. The 
electrochemical polarization analysis reveals that the optimum PTFE content improves 
the oxygen transport in the catalyst layers and in the GDL by controlling the liquid water 
saturation in the MEA. Nakajima et al69 reported the effects of hydrophobic treatment 
and MPL addition to a GDL in a PEMFC. From water balance analysis at the electrode, the 
GDL and flow channel in the cathode they concluded that the hydrophobic treatment 
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with MPL addition is effective to improve the start-up performance by suppressing the 
water accumulation at the electrode. 
Porosity 
The porosity measures the void space in a material. The GDL is typically a dual-layer 
carbon based porous materials. It includes a macroporous substrate for providing 
mechanical strength, electron transfer and mass transport for the gas reactants and 
water. The other layer is a thin microporous layer (MPL) which is in contact with the 
catalyst layer. It performs to improve the electrical conductivity as well as the water 
management. The MPL at cathode side at this point performs the effective function of 
removing the product water to clear the pore volume so that the reactant can transport 
through to reach the catalyst side70. Bulk porosity of a GDL is defined as the ratio of the 
total pore volume over the summation of the total pore volume plus its solid volume. 
The porosity can affect the effective diffusion coefficient of a porous medium by 
relationship71: 
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Where effjiD ,  is the effective diffusion coefficient, g  and g  is the porosity and 
tortuosity of the volume in gas phase, respectively; and jiD ,  is the binary diffusion 
coefficient.  
The determination of bulk porosity of a GDL can be carried out by two methods which 
are mercury porosimetry and the immersion method72. The Mercury porosimetry uses a 
mercury pore size analyzer to evaluate the total pore volume by measuring the amount 
of mercury penetrated into the pores of a porous media as a function of the applied 
pressure. The pressure level needed to enable penetration of mercury into a certain size 
of pores is related to the pore diameter. The immersion method determines the bulk 
porosity by calculating the weights of the sample before and after immersing in a 
wetting liquid. Williams et al73 used the mercury porosimetry method to obtain the 
pore size distribution. Pore size distributions of all GDLs and bare macroporous 
substrates were collected using a Quantachrome Pore- Master 33 which can analyze any 
porous media with a pore size range between 3nm-300 mm.  
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The porosity and tortuosity of the GDL enables the transport of reactant transport to the 
catalyst layer and the removal of excess water for water balance. Yan et al74 presented a 
two dimensional model to study the effects of the flow distributor and the diffusion layer 
morphologies on the transport of reactant. Their work revealed the effects of the 
cross-section of the flow and the porosity of the GDL on the performance of PEM fuel cell 
as well as the morphology of the GDL. A one-dimensional model was used by Zhan et al75 
to analyze the liquid water saturation distribution for the GDL including structures of 
uniform porosity, a sudden change porosity and a gradient change in porosity. The 
effects of carbon powders in MPL on the performance of PEM fuel cell was studied by 
Wang et al76. By examining the GDL properties of surface morphology, gas permeability, 
hydrophilic/hydrophobic porosity and electron conductivity, the cell performance with 
peak power density was obtained by the MPL with 10 wt % Black Pearls 2000 in 
composite carbon black. Gostick et al77 developed a pore network model of the GDL in a 
PEM fuel cell. The model treated the GDL as an idealized regular cubit network of pore 
bodies and pore throats following respective size distribution. The results showed that 
even though a dry GDL does not limit the performance of a PEM fuel cell, it may become 
a main source of concentration polarization when the GDL is gradually saturated with 
water. Roshandel et al78 investigated the effects of porosity variation distribution by 
both compression of the electrodes and the water generated at cathode GDL on PEM fuel 
cell performance. Their result showed that the compression pressure can result in 32% 
decrease in porosity and the decreasing of GDL average porosity reach 23% at 0.85 
A/cm2. Experimental investigation of MPL with graded porosity was carried out by Tang 
et al79. By comparing the cell performance of graded MPL and traditional homogeneous 
MPL, the results concluded that the fuel cells with graded MPL have better performance 
than those using conventional homogeneous MPLs at high current densities. Chen et al80 
developed a two phase flow model using multiphase mixture theory to study the 
transport characteristics in the cathode GDL of a PEM fuel cell with a gradient in 
porosity. The results agreed well with experimental data and confirmed that the GDL 
with gradient porosity can improve the two phase transport performance. The porosity 
distribution variation and liquid saturation on the GDL through differently structured 
GDL of PEM fuel cells have been studied by Zhan et al81. The results demonstrated that 
increasing porosity and contact angle of the uniform porosity GDL can improve the gas 
diffusion, and the same result can also found in gradient change porosity GDL when 
increasing the porosity gradient. For GDL with MPL, increasing porosity of MPL can 
result in stronger gas diffusion. The effect of MPL on the overall net water transport in a 
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standard 100 cm2 active area PEM fuel cell has been experimentally investigated by 
Atiyeh et al82. Cells with a MPL on either electrode or on both electrodes exhibited better 
overall performance and durability compared to cells without a MPL. These results 
confirm the function of MPL in improving the cell performance. In the work of Han et 
al83, a carbon-filled gas diffusion layer (CFGDL) has been examined and compared with 
conventional carbon paper-based single layer and dual layer GDLs. Although the 
analysis reports lower porosity of 67% and smaller average pore diameter of 4.7  m of 
the CFGDL, it gives the highest limiting current density which means the improvement in 
mass transport. Kannan et al84 developed a functionally graded GDL with four layered 
MPL containing various compositions of nano-chain and nano-fibrous carbons on the 
macroporous carbon paper substrate. The results showed that the GDL with pores as 
small as 75 nm in the MPL towards catalyst layer can keep the product water 
maintaining hydration of the electrolyte, hence guarantee the proton conductivity at 
operating condition of 85 ºC and 50% RH. 
Permeability 
The permeability is one of the critical parameters influencing the reactant transport and 
water management in PEM fuel cells. The reactants transportation through the GDL 
reaching the catalyst layers and product water removal out of the GDL to the channels 
depend on the permeability. Lower permeability will increase the resistant of reactant 
transport and generate higher pressure gradient. This will raise difficulties for reactants 
to move through the GDL to the catalyst layers. For PEM fuel cell that is equipped with 
inter-digitated flow fields, the convection driven gas flow transport through the GDL by 
in-plane and through-plane velocity components. It has been suggested that for both 
isotropic and orthotropic permeability the in-plane permeability is of greater 
importance over the through-plane permeability for the convective transport using 
computational fluid dynamic method85. It also has been found that convection effects 
become dominant beyond a threshold permeability value of around 1x10-13 m2. The gas 
permeability measurements in three perpendicular directions of several common GDL 
materials were carried out by Gostick et al86. The Carman-Kozeny model was used to 
express the data to predict the permeability as a function of porosity. The results agree 
well with literature 87  and report that in perpendicular in-plane direction, the 
permeability exhibit significant anisotropy. Besides, the highest anisotropy is found at 
the materials with the most highly aligned fibers and permeability accordingly could 
vary as much as a factor of 2. They also concluded the influence of the compression 
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effect on the GDL. Typically by compressing the GDL sample to half of its original 
thickness, the permeability will decrease by one order of magnitude. In the work of 
Feser et al88, they carried out experiments to measure the permeability of woven 
samples, non-woven samples and carbon fiber based GDLs at various levels of 
compression using air as the impregnating fluid. The results showed that for woven, 
non-woven and carbon fiber paper samples, the first two types give significantly higher 
in-plane permeability compared the last type. A three-dimensional steady state of a 
PEMFC model was developed by Lum and McGuirk89 using CFD code. The validated 
model was used to study the degree of permeability. The results concluded that a 
thinner electrode layer and a smaller shoulder to channel width are advantageous for 
reactant gases transport to the catalyst layer. Decreasing permeability of the electrode 
enhances species transport in the spanwise direction, but it is only useful if the shoulder 
area is large. In-plane permeability and through-plane permeability, viscous and inertial 
permeability coefficients of macroporous substrates and MPLs were presented in the 
work of Gurau et al90. The GDL containing the MPL with higher PTFE content was found 
to have a higher permeability coefficient than those with lower PTFE content. They also 
mentioned that in-plane permeability and through-plane viscous permeability 
coefficients depend on the carbon type. In the work of He et al91, a fractal model for 
predicting the permeability and liquid water relative permeability of the GDL in PEM 
fuel cells has been presented. The results indicated that the permeability increases with 
decreasing of the tortuosity dimension or increasing of the area dimension. And the 
water relative permeability in the hydrophobicity case is higher than in the 
hydrophilicity case. Various anisotropic permeability influences on water and thermal 
management in PEM fuel cells have been reported 92 . It was found that higher 
permeability in either in-plane direction or through-plane direction all can improve the 
water and thermal management. In contrary, lower permeability negatively influence 
the water and thermal management. From the results the authors suggested that 
modeling with isotropic permeability conditions may overpredict the cell performance 
and cause inaccurate prediction on the water and thermal management in the PEMFCs. 
Hussaini and Wang 93  reported their experimental measurement of absolute 
permeability and air-water relative permeability for four typical GDLs: Toray carbon 
paper (TGP-H-060, -090, - 120) and E-Tek carbon cloth. Carbon paper materials were 
found to be with higher absolute in-plane permeability than its through-plane 
permeability in values by about 18%; but the carbon cloth material has opposite results. 
The through-plane permeability is found to be 75% higher than its in-plane permeability 
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value. Very recently, Tamayol and Bahrami94 have presented a new analytical approach 
to evaluate the in-plane GDL permeability in PEM fuel cells. The permeability of the 
mixture was model as a blend of the permeabilities of its components. The results have 
shown a compact relationship of gas in-plane permeability as a function of the porosity 
and fibers diameter. 
Electron conductivity 
The lateral electronic resistance of the GDL is affected by the electronic conductivity, 
GDL thickness and the gas channel width. It performs an important function of 
determining the current distribution and fuel cell performance 95 . Experimental 
measurement of current density distribution under constant current and constant 
voltage modes were carried out by Natarajan and Nguye96 on MEA fabricated with 
segmented and unsegmented electrodes. From the results they recommended 
segmenting the electrode along with the current collector. The current density 
distribution at the GDL and catalyst interface was examined97 and reported that it can 
be influenced by either electron transport or mass transport in the GDL. Zhang et al98 
reported two effective methods for estimating the contact resistance between the 
bipolar plate (BPP) and the GDL based on contact resistance-pressure constitutive 
relation. A novel and simple technique for the measurement of local current 
distributions in PEMF fuel cells with serpentine flow fields using a measurement gasket 
was developed by Sun et al99. The results indicated the importance of gas humidification 
on fuel cell current distribution. The report explained that low, medium and high 
humidification level cause the local current increasing monotonically along the channel, 
increasing first then decreasing along the channel, and decreasing monotonically along 
the channel, respectively. Zhou et al100 presented a micro-scale contact model to predict 
the contact resistance between the BPP and the GDL in PEMFCs. They numerically 
determined the contact spots between the BPP and the GDL given a separation of the 
two surfaces, and calculated the contact status for every single contact spot using the 
Hertz theory. By summarizing the results from each contact spot they obtained the total 
resistance and the pressure. Based on the original model from the work of Zhou et al106, 
Wu et al101 introduced a new model which included the material anisotropy of the GDL 
carbon fibers and their bending features. The results showed that the contact resistance 
tends to decrease due to fiber bending, but increases if the anisotropic factor is included 
in the model. The authors suggested that the contact resistance can be reduced by 
controlling the surface roughness of the BPP, the fiber configuration of the GDL and 
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selecting low contact resistance conducting materials. Freunberger et al102 measured 
the current density distribution with a resolution smaller than the channel/rib scale of 
the flow field in PEMFC. The results revealed that the electrical and ionic resistances 
may affect the current distribution at low current regimes; besides, mass transport 
limitations locally obstructs the current generation at high loads. Wang and Liu103 
directly measured the current density under the channel and the shoulder in PEM fuel 
cell separately. The results demonstrated that except in the high current density region, 
the current density generated under the channel was lower than that under the shoulder. 
Barber et al104 demonstrated that the real contact area in fuel cell components strongly 
influences the contact resistance. By evaluating the effects of bipolar plate surface 
roughness, coating thickness of the gold plating on the current collector and the 
clamping force on real contact area, they found that among smoother materials, thicker 
gold coating and higher clamping force give a higher real percentage contact area. A 
complicated two-dimensional two phase model was employed by Bapat and Thynell105 
to analyze the effects of anisotropic electrical resistivity on current density and 
temperature distribution in a PEMFC. They revealed that the current density in the 
region adjacent to the gas channel was negatively affected by a higher in-plane electrical 
resistivity of the GDL which generates slightly higher current densities in the region 
adjacent to the current collector. A mechanical–electrical FEM model was developed 
based on the coupled mechanical–electrical nature of the contact resistance by Lai et 
al106. They reported that the contact resistance decrease quickly with the increasing of 
the clamping pressure especially when the clamping pressure is in a small value range. 
Moreover, they also observed that the optimal round corner value of 0.6 mm can balance 
the effects of contact length and contact pressure. The in-plane current profile was 
examined by Li et al107 who concluded that the interplay between the ohmic control and 
mass transport control resulted in the current distribution variation; besides, they found 
the dependency of the ohmic and mass transport management on the two-phase water 
transport along the in-plane direction. They also reported the significant effects of the 
channel/land width and GDL compression on the in-plane current density profile. 
2.1.2. Materials and Structures of the Gas Diffusion Layers 
In a typical PEMFC, the porous gas diffusion media is placed in contact with the flow 
field and inlet gas in flow channels. It serves as the pathway for the reactant gases to 
transport to the catalyst layer. It also supports the fuel cell to handle compression load 
to avoid the cell components being excessively stressed. Due to the good electrical 
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conductivity and high porosity, carbon-based materials are usually chosen to produce 
gas diffusion layers. There are two common GDL materials which are carbon paper 
(non-woven) and carbon cloth (woven). The carbon cloth materials are manufactured 
using a textile process that weaves carbon fibers filaments into a thin material. Carbon 
cloths have features of mechanical resiliency, low density and high permeability108. They 
are typically 350~500  m thick but can be compressed up to 30%~50% when fitted 
into a fuel cell system. The compression load applied can influence the electrical and gas 
permeation properties.  The carbon paper materials are produced by bonding a 
random arrangement of carbon fiber in to a thin, stiff and light weighted sheet. Since 
carbon paper is a non-woven material, a carbonized resin is used as a binder material to 
maintain the mechanical integrity. The carbon paper GDLs employed in the PEM fuel cell 
applications are usually in thickness of 150~250  m. Compared to the carbon, the 
carbon paper tends to be stiff and brittle. The compression loads they can afford are 
10%~20% less than that applied to carbon cloth. The scanning electron microscope 
(SEM) images of a carbon paper and a carbon cloth are illustrated below. 
 
  
(a) (b) 
Figure 2.1 scanning electron microscope (SEM) images of (a) carbon paper, and (b) carbon cloth. 
 
There have been various studies on carbon paper and carbon cloth on their performance 
on PEM fuel cell performance. Due to the difference in structures, carbon paper and 
carbon cloth can influence the cell performance at various aspects. A numerical study on 
the relationship between carbon cloth and carbon paper GDL structures and PEM fuel 
cell performances were carried out by Wang et al109. The comparison of water, oxygen 
and current distributions with the two material concluded that carbon cloth is suitable 
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as the GDL material for high humidity operation conditions since carbon paper tends to 
block mass transport due to its highly tortuous structure. Besides, smooth surface of 
carbon paper causes serious water coverage on the surface hence increased mass 
transport loss. On the other hand, with low humidity level, these features of carbon 
paper help MEA store water in it therefore improving the membrane hydration. 
Radhakrishnan and Haridoss110 studied the impact of the difference in structure and 
properties of carbon cloth and carbon paper on the design of the PEMFC flow field. By 
comparison, they found that carbon cloth shows about 43%~125% more intrusion into 
the channel than that with carbon paper for the conditions tested. Also the compression 
studies demonstrated that at lower compression load the cloth lacks compression 
rigidity and suffers strain more than that of carbon paper. SGL 10BB based on carbon 
paper and ELAT-LT-1400W based on carbon cloth were characterized by Park and 
Popov111. The results showed that SGL 10BB based on carbon paper exhibits dual pore 
size distribution and higher water flow resistance compared to ELAT-LT-1400W based 
on carbon cloth; also using SFL 10BB in the membrane electrode assembly improved the 
fuel cell performance. Lin et al112 used carbon papers of various thickness (130~330  m) 
to exam the thickness influence on cell performance under different humidity conditions. 
The carbon paper employed was treated with a dispersion agent Novec-7300 in 
isopropyl alcohol of highly consistent carbon slurry containing Pureblack carbon and 
vapor grown carbon fiber (3:1 ratio) with 25 wt.% Teflon. The results were that for the 
carbon paper with 330  m thickness the power density was about 1400 and 700 
mWcm−2 with H2/O2 andH2/air at 60% RH, respectively. Zamel et al113 studied the 
through-plane and in-plane effective thermal conductivity in a dry carbon paper GDL 
without Teflon treatment. The results reported the dependency of the effective thermal 
conductivity on the fiber distribution. The influence of porosity on effective thermal 
conductivity showed that decreasing of porosity will improve the effective thermal 
conductivity. A correlation of a dry carbon paper GDL without binder was developed for 
the porosity range between 0.4 and 0.85 inclusive. In the work of Liu et al114, the carbon 
cloth GDLs with different structures in PEM fuel cell were used to reveal the relationship 
between cell performance and the structure of the carbon cloths as well as the effect of 
carbon cloths thickness. 
During PEM fuel cell assembly, the GDLs are clamped into the system and the 
compression load is applied to ensure the close contact between components. This 
applied compression pressure will change the structures of the GDLs and causing the 
change of GDL parameters such as porosity and permeability hence influencing the cell 
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performance. In the work of Sun et al115, they assumed the cathode GDL under shoulder 
area was 15% thinner than that under the channel area in order to take the compression 
effect into consideration. From the results they summarized that moderate GDL 
compression does not dramatically influence the cathode performance at single phase 
flow conditions. The GDL compression effect increases the resistance to oxygen diffusion 
to the region under shoulder area causing a lower local oxygen concentration. But on the 
other hand, compression increases the local conductivity for easier transportation of 
electrons to the region under the shoulder, resulting in increasing in local overpotential. 
They also noticed that the predicted total current density does not change significantly 
with the GDL compression, but the current density distribution changes noticeably. The 
effect of the GDL deformation on the flow crossover caused by the compression in a fuel 
cell assembly process was studied by Shi and Wang116 using a three-dimensional 
structural mechanics model. The oxygen crossover was reduced by compression effects 
since the permeability and porosity of the GDL are lower. The flow crossover between 
adjacent channels decreases regardless of the increasing in pressure drop due to the 
applied compression. Higher pressure drop along the flow direction at the cross section 
was observed with compression because of the increasing in flow resistance by GDL 
deformation.  
2.1.3. Mass Transport in the Gas Diffusion Layers 
Due to the complex porous structures of the GDLs, the transportation of reactant gases 
and product water are complex. If there is large amount of water accumulating in the 
pores of the GDL, it will be difficult for reactant to reach to the catalyst layer hence lower 
the cell performance, and this also may cause flooding problem. Therefore it is 
important to gain the structural characteristics in order to better understand the 
reactant and water behaviors. The effects of the GDL material properties and structures 
have been widely studied in order to investigate their relationships with the cell 
performance.  
Jang et al117 developed a two-dimensional isothermal numerical model to investigate 
the performance of the PEM fuel cell. Parameters of the GDL porosity and thickness 
were included for analyzing their effects on cell performance. The results showed that 
with increasing of the GDL porosity the mass transfer of reactants increase, therefore 
the cell performance is improved regardless of the liquid water effect. If the GDL 
thickness is reduced at lower operating voltage, the cell performance increases due to 
the higher concentration gradients building up from the decrease in the GDL thickness. 
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In the study of on flow pattern and pressure field in general single serpentine flow field 
geometries, Feser et al118 found that the thickness of the GDL has little effects on the 
relative influence of convection, but it highly depends on in-plane permeability of the 
GDL and channel length. Jeng et al119 also examined the effects of thickness and porosity 
of the GDL on cell performance using a two dimensional PEM fuel cell model. They 
reported that cell performance decreasing with increasing the GDL thickness if the GDL 
porosity is lower. They pointed out that there is an optimal GDL thickness which 
influences the maximum PEM fuel cell performance at higher GDL porosity. And the 
existence of such an optimal GDL thickness indicated that a GDL with directional 
preference in mass transfer can be employed to improve the PEMFC performance. In the 
work of Pharoah et al120 , they emphasized the anisotropic nature of the porous 
electrodes on simulating the cathode of the PEMFC using a two dimensional model. They 
stated that although both isotropic and anisotropic models generate virtually identical 
polarization curves, the current density distributions are completely different. Therefore 
they suggested that appropriately characterizing of the anisotropic properties of the 
porous electrode and physics processes are important in PEMFC modeling. Influence of 
permeability and thickness of the GDL on the cross flow and pressure drop of the 
reactant streams were carried out by Park and Li 121  using a three-dimensional 
numerical PEMFC model. The results showed that there is a large amount of cross flow 
through the GDL. The effect of permeability and thickness of GDL on the pressure drop 
becomes more obvious if two parameters are increased, and this significant reduction 
occurs in the permeability range of 10-12~10-8 m2. Markicevic et al122 investigated the 
change of relative permeability and capillary pressure as a function of liquid water 
saturation. Also two parameters named network size and network heterogeneity were 
introduced to analyzing their influence on relative permeability as well as capillary 
pressure. The results revealed that the relative permeability is constant for low 
saturation, but follows a power law of saturation for high saturations, with an exponent 
of about 2.4 which is independent of network size or heterogeneity. Besides, increasing 
in network size and decreasing in heterogeneity tend to reduce the relative permeability. 
The relative permeabilities are obtained smaller than unity even for saturations as large 
as 0.8. Berning and Djilali123 using the CFD method developed a three-dimensional 
multiphase PEMFC model. They reported that the predicted saturation level strongly 
depends on the permeability of the GDL. The results showed that liquid water saturation 
in excess of 20% at anode side can be observed for large values of the GDL permeability, 
and the saturation levels decrease with permeability due to the liquid water formed by 
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condensation at GDL/channel interface. However, at the cathode side, they found that 
liquid water saturation increases with decreasing permeability because the produced 
water can become trapped inside the GDL.  
 
2.2. Gas Diffusion Layers Models 
 
 
2.2.1. Macroscopic and Microscopic Models 
One of the main roles of the GDL is to serves as the pathways for reactant and product 
water due to their porous structures. There are many modeling works on the GDL using 
different methodologies. Among these, they can generally be categorized into two types: 
the macroscopic models and microscopic models.  
Macroscopic Models 
The macroscopic models are most commonly used for fuel cell modeling. In the 
macroscopic modeling approach, the detailed geometry information of the modeling 
domains are usually neglected and assuming the electrode to be isotropic. The transport 
properties within the domain are averaged over the electrode volume39. For the gas 
transports through the electrode, most research groups have worked in similar ways. 
Since there will be a mole fraction gradient across the electrodes, the Stefan-Maxwell 
equation [2.2] is normally employed for gas-phase transportation by assuming that the 
reactant gases with water vapour acts as ideal gases.  
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Where: ix  is the mole fraction of species i ; 
eff
jiD ,  represents the effective binary 
diffusivity of the pair i  and j ; P  is the pressure; in  is the flow rate; R is the 
universal gas constant and T is temperature. 
In the early work of Springer et al22, the Stefan-Maxwell equation [2.2] was applied to 
define mole fraction gradient assuming that only concentration gradients across the 
electrodes not total pressure gradients. Water and oxygen mole fraction at cathode and 
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water mole fraction at anode were then calculated. The pressure-diffusivity terms for 
was estimated by Equation [2.3]: 
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where ijD  is the binary diffusivities, TC  and PC are critical temperature and critical 
pressure, respectively. ijM  is the mass of species i and j. 
2/3  is the Bruggeman 
correction factor for porosity. a  and b  are constant. a  = 0.0002745, b  = 1.832 for 
H2, O2 and N2, and a  = 0.000364 and b  = 2.334 for water vapor. 
As for the liquid phase, the existing theoretical models using the macroscopic approach 
are usually based on two-phase Darcy’s law in Equation [2.4] to investigate liquid water 
transport in PEFC.  
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Where LWn ,  is liquid water flux; WV  is the molar volume of water; Gk  and G  are 
the gas phase effective permeability and viscosity, respectively and LP  is liquid 
pressure. 
Since the macroscopic models treat the GDL as a macro-homogeneous porous layer, the 
effects of structural morphology of the GDL reach their limits. Therefore for liquid water 
treatment, these models have to require material-specific capillary pressure–liquid 
saturation and relative permeability–liquid saturation relationships. 
Microscopic Models 
Compared with the macroscopic models which are continuum and volume-averaged., 
the microscopic models simulate the transport phenomena on pore level. The 
microscopic models therefore require the detailed information on the microstructures 
of the porous media. The pore network model is a simple approach which neglects the 
dynamic process, reduces the expression of the full pore morphology to adjust to a 
statistical description of the pore size distribution and the pore connectivity and permits 
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the prediction of hydraulic properties124. Works using pore network models to account 
for the micro-characteristics of the structures have been reported in literatures. The 
pore network model was employed in the work of Sinha and Wang125 to account for 
liquid water management and flooding in a carbon paper GDL. They developed the 
pore-network model describing governing physics of liquid water transport in a GDL at 
the pore-level. In their pore network modeling, the GDL is presented at microscopic 
scale as a lattice of wide pore connected by narrower bound called throats. The 
schematic view of the pore network model for a carbon paper GDL in three-dimensional 
view is shown in Figure 2.2 They concluded that at extremely low capillary numbers 
that encountered in the fuel cell, it is the fractal capillary fingering that controls the 
liquid water transport in the homogeneously hydrophobic GDL. Liquid water transport 
through the GDL in the form of connected clusters, researches several dead ends 
because of the presence of narrow regions, and eventually percolates through the path 
of least resistance. Chapuis et al126 also carried out pore-network simulations on two 
phase flow combined with visualizations on transparent micromodels. They constructed 
the system by using randomly distributed equal-sized cylinders to form a similar 
structure of a cross-section through an anisotropic arrangement of equal diameter fibers. 
The results showed that the process of liquid water invasion in a hydrophobic medium 
can be simulated using the classical invasion percolation algorithm on condition that the 
contact angle is far below 90 degree. More recently, Lee et al127 predicted the water 
transport in a hydrophobic GDL of PEMFC using a pore network model which included 
the microscale behavior of liquid water in pore and through throats. The results showed 
that the water saturation distribution in GDLs has a concave shape along the flow 
direction, indicating the invasion percolation process an important transport 
mechanism. Gostick et al77 have investigated the pore scale distribution of water and gas 
under drainage conditions using an invasion percolation algorithm by the developed 
pore network model of GDL in a PEM fuel cell.  
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Figure 2.2 Three-dimensional view of schematic of pore-network model for a carbon paper GDL 
in the work of Sinha and Wang123. 
 
2.2.2. CFD Models 
The computation fluid dynamics (CFD) is a traditional tool for simulation of fluid flow 
and has been widely used in PEM fuel cell modeling for evaluating the PEMFC 
performance. The CFD method can be used to simulate the transport of multiphase and 
multicomponent through porous or non-porous layers of the fuel cell. Usually 
conservation of mass, momentum and energy are used to carry the calculation on mass 
and heat transfer and liquid water transport through the cell based on finite element 
frame work analysis. CFD model can be applied to simulate bulk transport through the 
GDL by assuming the volume-averaged properties of porous layer such as porosity and 
tortuosity. Basically, the CFD method demands the usage of fixed geometry meshes for 
the volume region. Therefore for a porous geometry with compressibility such as the 
GDL, the CFD method is found to have limited ability in dealing with such situation. 
Shimpalee et al128  studied the effects of the micro/macro porous media on cell 
performance using computational fluid dynamics method. They used conservation of 
mass, the Navier-stokes equations, the species transport equations, the energy equation 
and the water phase change mode and also assumed homogeneous two phase flow. The 
simulation results showed that the cell performance is slightly better without the MPL 
than with the MPL. But for the local distributions, the existence of the MPL gives more 
uniform local distribution. Martinez et al129 established a three-dimensional single 
phase non-isothermal PEM fuel cell analysis used a commercial CFD program to study 
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the performance of cell under different operating conditions by solving the conservation 
equations for species, energy, charge, mass and momentum. In the work of Dawes et 
al130, the effects of water flooding on cell performance parameters was studied using the 
CFD method. In order to characterize the effects of water flooding on gas diffusion, the 
effective diffusivity models that account for the tortuosity and relative water saturation 
of the porous electrode were obtained from percolation theory and coupled with the 
CFD model. The governing equations of the overall three-dimensional PEMFC are a 
representative of the coupled CFD and percolation theory based effective diffusivity. 
Review of CFD models for PEMFCs with emphasis on mass and heat transfer modeling 
was reported by Siegel131. Um et al132 employed a finite-volume based CFD technique to 
simulate the multidimensional behaviors of the PEMF. The developed model predicted 
the detailed reactant and product distribution inside the cell, and explored the hydrogen 
dilute effects in anode feed. Sivertsen and Djilali 133  took advantages of parallel 
processing architecture of the Fluent CFD code to simulate the fluid transport within the 
channels and the porous electrodes and the heat transfer by a three-dimensional single 
phase PEM fuel cell model. Works of Djilali134, Berning et al135, Seigel et al136, Dutta et 
al137,138 and Dawes et al139 also presented the CFD applications on PEMFC modelling 
focusing on transport phenomena and liquid water management. 
2.2.3. Lattice Boltzmann Models 
In recent years, the Lattice Boltzmann Method (LBM) has been recognized as an effective 
tool in simulating the fluid flow. In the conventional Navier-stokes equations, the 
calculations are based on the discrete macroscopic continuum equations. In comparison, 
the LBM solves the microscopic Boltzmann equation where the fluid flow is expressed 
by the distribution function of fluid particles based on the kinetic theory. Due to its 
kinetic nature, it is easy for the LB method to simulate the fluid flow in porous media 
especially with complex geometries. LBM is capable to incorporate the essential physics 
of microscopic or mesoscopic process into simplified kinetic models, and to ensures the 
macroscopic average properties to follow the desired macroscopic equations.  
A simulation study of multi-phase flow through inhomogeneous GDLs of carbon cloth 
and carbon paper of PEM fuel cell using LBM was presented by Li and Park140. Two 
different LB models for simulations were used and the results showed that the 
permeability of porous media can be influenced by the fiber construction, and the 
calculated permeability of the porous medium agreed well with those in the literatures. 
In the recent work of Ju141 a three dimensional, two phase numerical PEMFC model was 
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developed to investigate the in-plane and through-plane GDL thermal conductivities as 
well as two phase transport characteristics. Munekata et al142 studied the effects on the 
diffusivity and permeability in the GDL of the PEMFC at operating conditions using the 
LBM with D3Q19 scheme. The GDL structure was constructed using the randomly 
laminated fibbers. Since the generated water during cell operation will filled into to the 
GDL, the water configuration for the simulation is modelled by the water droplets. The 
results revealed that the heterogeneous water network and the high porosity improve 
the diffusivity and the permeability, while the hydrophobic surface decreases the 
permeability. Another application of LB method was reported by Wang and 
Afsharpoya143. The effects of multi-time scales and interface between the porous GDL 
and the clear channel were carried out using the LBM. They considered that the flow in a 
two-dimensional channel filled with porous media of given porosity and permeability. 
Also they assumed that the macroscopic variables average over a representative 
elementary volume and they are governed by the momentum equation incorporating a 
Brinkman-extended Darcy’s law. Their work demonstrated that the LB method can be 
used to study the flow through a porous medium with an interface on condition that the 
existence of multiple macroscopic time scales is taken into consideration. Other research 
works of Hao and Cheng144, Niu et al145, and Hao and Cheng146 showed that the LBM has 
been recognized as a powerful tool for simulating multi-species and/or multi-phase fluid 
flow in simple or complex geometry of porous mediums and these works have provided 
valuable information in the LB applications. In the research work presented in this 
thesis, the LBM was employed as a numerical tool for applying to simulations on porous 
GDL s of PEM fuel cells. 
 
2.3. Imaging and Reconstruction of the Gas Diffusion Layer 
The GDL is usually a carbon based material. Its porous structure provided pathways for 
reactant gases and product water. The fluid flow transport through the GDL has been 
studied at various levels. However due to the complex geometry, the detailed 
understanding of the structural characteristics of the GDL at pore-scale is less reported. 
Recently, more advanced imaging technique has been employed to capture important 
information regarding reactants and water transport in the fuel cells, including Scanning 
Electron Microscopy (SEM), Nuclear Magnetic Resonance (NMR) Microscopy, neutron 
imaging, micro/nano tomography, and fluorescence microscopy147. Lim and Wang148 
employed the SEM to exam the surface morphology of a carbon paper impregnated with 
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FEP in their study on effects of hydrophobic polymer content within a carbon paper of 
the cathode GDL on power performance of a PEMFC. By comparing the carbon paper 
GDLs of untreated and treated with 20 wt.% FEP using the SEM images, they found that 
significant number of pores near the surface were blocked by thin FEP films; only large 
pores were kept open in the wet-proofed carbon paper . They concluded that the FEP 
hydrophobic polymer is localized more in the surface region than in the bulk interior 
region of the carbon paper. In the work of Kramer et al149, the neutron imaging 
technique was applied to operating PEM fuel cell to investigate two phase flow 
phenomena in the cathode GDL. They observed the liquid water formation at the 
cathode GDL, and revealed the strong sensitivity between liquid in the GDL and 
electrochemical performance under high load conditions. They suggested that an 
improved understanding of the transport processes inside the porous GDL is at least of 
the same importance to increase PEMFC tolerance towards flooding as further 
optimization of the flow field geometries. The available x-ray microtomography 
technique has been used widely for three-dimensional visualization as well as providing 
structural and composition information. For example, in the work of Lee et al150, they 
evaluated the water distribution in a PEMFC by visualizing quantitatively the water in 
between of the separator and the GDL and gas channel using x-ray tomography imaging 
technique. The results showed the feasibility of using x-ray imaging technique in 
visualizing the water distribution in the cell components. A novel fluorescence 
microscopy technique was employed by Litster et al151 for visualizing the dynamic 
behaviour and distribution of liquid water through the GDLs in PEM fuel cells. The 
results suggested that the water does not transport via a converging capillary tree; 
however, the transportation is dominated by fingering and channelling. This proposed 
new water transport scheme is as the basis for developing improved models for water 
transport in hydrophobic GDL s with the assistant of fluorescence microscopy technique. 
 
2.4. Aim and Methodology of the Research 
The GDL of a PEMFC plays an important role of providing path ways for reactant gases 
to reach the catalyst layers; removing excess product water away from the catalyst layer 
to the gas channels and enabling electron transport to the bipolar plate. All these 
functions require GDLs to maintain good properties such as porosity, permeability and 
electrical conductivity. GDLs are typically carbon based materials of either in the form of 
carbon paper or carbon cloth. The two materials have different characteristics but all 
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give the complexity of the micro-structure as GDLs. The detailed understanding of the 
carbon based GDLs are needed from micro-scale point of view. This therefore requires 
microscopic level of modelling as well as an proper imaging technique in analysing the 
transport phenomena within GDLs. 
Extensive research works have been carried out for investigating the GDLs using various 
methodologies in literatures such as macroscopic models, pore-network models, CFD 
models and LB method. Among those, the LB method has distinguished itself from 
others due to its ability of constructing simplified kinetic models which incorporate the 
essential physics of micro/mesoscopic process to desired macroscopic averaged 
properties. Its kinetic nature enables it to be an efficient numerical method compared to 
the traditional CFD method. Due to the complex geometry of the GDLs, it is difficult to 
obtain a detailed understanding of the structures and the characteristics from pore level. 
Also in order to ensure the modelled the GDL structural information is as close to reality 
as possible, an advanced imaging technique such as x-ray micro/nano tomography 
technique is necessary to capture the structural and geometry information of the porous 
GDLs.  
The aim of this research is to investigate the porous carbon based GDLs structural 
characteristics and the fluid flow transportation within the GDL. The methodology 
employed in this research is using the LBM to carry out the flow simulation within the 
three-dimensional digital images of the actual structures GDLs which are reconstructed 
by the x-ray tomography imaging technique. This combined technique has the ability of 
revealing the structural and transport properties of the GDL by simulating the partial 
collisions within the actual microstructural of the GDL from pore-scale.  
 
2.5. Outline of the Thesis 
This thesis reports the research work and the obtained results are in the following 
structure: Chapter 1 introduces the basic knowledge of fuel cells and fundamentals of 
PEM fuel cell. Literature reviews on GDLs and advanced imaging technique is presented 
in Chapter 2. Chapter 3 and Chapter 4 explain methodologies of the LBM and the x-ray 
tomography technique, respectively. The study of the combined technique of LB method 
and x-ray tomography on a carbon paper GDL is presented in Chapter 5 in which the 
validated results show the capability of the combined technique of producing trustable 
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results. Chapter 6 carries out the simulation study of carbon paper GDL on 
multicomponent transport through the GDL. Carbon cloth GDL is studied in Chapter 7 
focusing on characteristics of woven carbon cloth structures and properties such as 
permeability and porosity. In Chapter 8, the compression effects on actual structures 
and transport properties of carbon cloth GDLs are studied. The 1D pressure of water and 
oxygen across the GDL thickness at low, medium and high current densities are 
investigated to study the flow transport within GDL with compression  
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CHAPTER 3.  The Lattice Boltzmann Method 
 
 
 
3.1. Introduction 
The LBM is a numerical model which has been developed rapidly over the past twenty 
years and become a promising alternative numerical tool in computational fluid 
dynamics (CFD).  It is based on kinetic theory and has been largely used to simulate 
fluid flow in porous media, multiphase flow, particulate and suspension flows152. The 
basic idea of the LBM is to present the desired macroscopic equations by accumulating 
the mechanics of microscopic or mesoscopic individual particles in the system, however 
without being affected by the details of microscopic system. The LB method was 
developed from the Lattice Gas Cellular Automata (LGCA) which is a discrete kinetic 
based using discrete lattice and discrete time. Due to its advantage of constructing 
simple model for complex system, it has been widely employed and developed to 
simulate fluid flow problems in the 1980s, such as flows in porous media, immiscible 
flows, and granular flows and for some physical situations such as reaction diffusion 
process and traffic process. However, because the LGCA uses the Boolean particle 
number which easily gives the statistical noise, the development of LGCA moves to using 
the real number which is known as the distribution function. Besides, in order to 
simplify the kinetic equations and avoid dealing with individual particle in molecular 
dynamics, the LBM is therefore prompt to construct simpler kinetic based method for 
better understanding macroscopic phenomena from investigating the microscopic or 
mesoscopic world.  
The main features of the LBM that differs itself from other numerical solutions are 
impressive. For examples, the incompressible Navier-Stokes equations can be acquired 
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in the nearly incompressible limit at macroscopic level. Also, the combined process of 
streaming and collision realizes the recovery of the nonlinear macroscopic advection. 
Therefore compared to the traditional CFD method which employs complex Partial 
Differential Equations (PDE) such as the Navier-Stokes Equations, the LBM has gained 
more attention in various applications especially in fuel cell research. In the research 
work presented in this thesis, the LB method is used to simulate the fluid flow through 
the porous gas diffusion layer. The carbon fiber based material of the GDLs determines 
that the structure of GDL is porous and heterogeneous with complex boundaries. Due to 
the importance of the GDL in the PEM fuel cell as a path way for reactant and water to 
travel through, the detailed understanding of the internal structure of the porous GDL is 
necessary.  
 
3.2. Theory and Key Numerical Equations  
 
 
3.2.1. Lattice Boltzmann Automata 
The Lattice Boltzmann (LB) method was initially developed from the Lattice Gas Cellular 
Automata (LGCA) or Lattice Gas Automata (LGA). Both LB method and LGA are 
originated from the Cellular Automata (CA)153. The CA was introduced by Von Neumann 
in the late 1940s. It is an algorithmic entity that occupies position on a lattice point and 
interacts with its identical neighbours. It examines its own state and the states of some 
number of its neighbors at any particular time step and then resets its own state for the 
next time step according to simple rules of Boolean154. It is an idealization of a physical 
system in which space and time are discrete and the physical quantities (or state of the 
automaton) take only a finite set of values155,156,157. One of the important features of the 
CA is that they can present a complex system from simply interacting components in the 
system. This potential of the CA had attracted many researchers to search for greater 
understanding and the CA has been applied to many areas to solve scientific 
problems158,159 ,160,161,162,163 . Further step of research recognizes that the CA can 
represent an actual model of a given physical system rather than only restrict to certain 
dynamical processes164.  
Generally speaking, a LGA consists of a regular lattice with fictitious particles situated on 
the nodes. The Boolean variables ),( txni  (i = 1,…,k) is used to describe the particle 
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occupation, where k is the number of direction of the particle velocities at each node. 
The equation of the LGA is defined as:  
)),((),()1,( txntxntexn iiii     (i = 0,…,k)  [3.1] 
Where ),( txni  (i = 1,…,k) is the Boolean variables, ie  is the particle velocity and 
)),(( txni is the collision operator. The Lattice Gas Automata (LGA) was introduced as 
a forward step form the Cellular Automata by Frisch, Hasslacher and Pomeau165 in 1986. 
They presented a Lattice Gas model to simulate the two-dimensional Navier-Stokes 
equations. This model is also called the ‘FHP’ model named after these authors. Their 
work shows that for a system such as the flow of a fluid, for example, even if the 
individual microscopic behaviour is different, their macroscopic behaviour is similar. 
The basic idea of LGA is to construct simple artificial lattice where particles habitat on 
the nodes of the lattice with conservation of mass and momentum by interactions. With 
this simplicity, it brought a greater convenience on computing. However due to the 
defects of statistic noise and difficulties in complex three-dimensional handling, the 
Lattice Boltzmann Method was developed from LGA by using the lattices, streaming and 
a further approach of distribution function to deal with the after-collision situation 
where particles bounced to the neighbouring nodes.  
3.2.2. Kinetic Theory of Gases 
The kinetic theory of gases describes the random motion and interactions of gases from 
microscopic points of view to give the macroscopic phenomena of gases. In kinetic 
theory, it is assumed that the particles are large individuals possessing physical 
properties but are relatively small compared to the distance between two particles. 
Particles randomly distribute in the space in a velocity and they carry on elastic collision 
with each other as well as with the container. Therefore the kinetic theory explains that 
it is the collision of the gases that results in the macroscopic properties of gases, rather 
than external forces such as pressure.  
In the early work of Broadwell166, he studied the shock structures by employing the 
simplified kinetic equation with a single-particle speed to simulate fluid flows. The 
model presented can actually be considered as a simple one-dimensional Lattice 
Boltzmann equation. The LBM was originated from the LBA which is a discrete particle 
kinetics using a discrete lattice and discrete time. This demonstrates that the LBM can 
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also be viewed as a special finite difference scheme for the kinetic equation of the 
discrete-velocity distribution function151. The reason for using these simplified 
kinetic-type methods for macroscopic fluid flow is that the collective behavior of many 
microscopic particles in the system contributes to the macroscopic dynamics of a fluid; 
however the macroscopic dynamics is not sensitive to the details of the microscopic 
physics of the particles167,168.  
3.2.3. The Lattice Boltzmann Equations 
Due to the limitation of the Boolean variables, in the work of McNamara and Zanetti169 
in 1988, they suggested to translate the LGA into a related Boltzmann model. The 
Boolean site populations of the LGA then became real numbers between 0 and 1 
representing their average value, and their time evolution of the mean values of the 
one-particle distribution functions are controlled by the Boltzmann equation deriving 
from the Lattice gas model. This approach is called the Lattice Boltzmann Method (LBM) 
which is numerically more efficient than the Boolean dynamics and more efficient on 
computational time. One year later Higueras et al170,171 followed up their work and 
further simplified and enhanced the LBM by assuming that the distribution is close to 
local equilibrium state. The LB method has shown advantages over the traditional CFD 
method which is implemented by solving the Partial Differential Equations (PDEs), since 
the LB method simulates the flow with collision models. Because the LB method 
describes the physics of fluids in a way both mesoscopic and dynamic, the kinetic nature 
of the LB method equips the LB method with the capability of modelling problems in 
which both macroscopic hydrodynamics and microscopic statistics are important.  
Intrinsically the LB method has two processes involved in a lattice at each time step 
which are called collision process and streaming process. When a particle meets others, 
they collide and change moving direction subject to certain collision rules which are 
required to maintain the conservation of mass, momentum and energy throughout the 
collision processes. In the streaming process, each fictitious particle is moving to their 
neighbouring nodes depending on its velocity. At each time step the state of a particle at 
certain node is therefore determined by both itself and its neighbouring particles before 
the time step. In the LB method, the density distribution function is used to eliminate the 
statistical noise which is a major disadvantage in LGA. Accordingly, the discrete collision 
rule used in LGA is replaced by the collision operator.  
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The LB models can be operated on different lattices with different dimensions. Usually 
the way of expressing the lattices scheme is called the DnQm scheme in which ‘Dn’ 
stands for ‘n dimensions’ and term ‘Qm’ stands for ‘m velocities directions’. For example, 
the D3Q19 LB scheme shown in Figure 3.1 is a three-dimensional LB model in a cubic 
lattice in which particles can move towards total nineteen velocity directions e0~e18. In 
the lattice cube, the fundamental measurement of the length is the lattice unit x and t  
is the time step. 
 
Figure 3.1 D3Q19 LB cube 
 
The flow domain are divided into equal sized lattices and in each lattice there are 
nineteen velocities for the particles to move from the origin stagnant point, as can be 
seen from Figure 3.1, namely stagnation at the origin (0,0,0)/ t , velocities in the x
direction( tx  /)0,0, , y direction ( tx  /)0,,0  , z direction ( tx  /),0,0  , in the x-y 
plane ( txx  /)0,, , y-z plane ( txx  /),,0   and x-z plane ( txx  /),0,  .  
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(a) x-y plane (b) z-x plane (a) z-y plane 
Figure 3.2 The nineteen velocities in (a) the x-y plane; (b) z-x plane; (c) z-y plane in the D3Q19 
LB scheme. 
 
The basic Lattice Boltzmann Equation (LBE) can be obtained from a discrete kinetic 
equation for the particle distribution function: 
),(),(),( txQtxftttxf kkkk  
   [3.2]
 
where t is the time step, ),( txfk  is the particle velocity distribution function 
representing probability of finding a particle at location x  and at time t, moving 
towards k th direction in velocity k . ),( txQk  represents the change rate of 
),( txfk  due to collision, in another name, collision operator. The density and the 
momentum are expressed as particle velocity distribution function kf : 
),( txf
k
k       
k
kkk txf  ),(    [3.3] 
And the collision operator ),( txQk  is required to meet the conservation of total mass 
and total momentum at each lattice: 
0),( 
k
k txQ       0),( 
k
kk txQ     [3.4] 
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3.3. Lattice Boltzmann Models 
 
 
3.3.1. Bhatnagar-Gross-Krook Model 
The LB equation [3.2] is directly obtained from the LGA by taking ensemble average of 
equation [3.1]. However, due to the difficulty in generalizing in the three-dimensions 
and computing which are brought by the collision operator, the lattice Boltzmann 
equation needs to be further simplified. It is Bhatnagar, Gross and Krook who 
discovered that the main effect of the collision term is to bring the velocity distribution 
function closer to the equilibrium distribution. In order to reduce the complexity, the 
single relaxation term of Bhatnagar-Gross-Krook (BGK) is introduced to approximate 
the collision operator and have been independently suggested by many authors172,173.  
)],(),([
1
),( txftxftxQ eqkkk 
     [3.5]
 
where   is the dimensionless relaxation time parameter; ),( txf eqk  is the equilibrium 
distribution function which is the value of ),( txf k under equilibrium state. The BGK 
operator ),( txQk  is a single-time relaxation scheme in which all lattice speeds relax 
on the same time scale174. Therefore by combining the equation [3.2] and equation [3.5], 
the complete lattice Boltzmann equation can be expressed as follows: 
    txftxftxftttxf keqkkkk ,,
1
),(),( 

    
[3.6]
 
Equation [3.6] describes the redistribution processes when a particle collides with one 
another, and with the solid wall in the lattice space. The original statue of a particle at 
position x , time t  in speed of k  after the collision will be updated to )( tx k  at 
time  tt   with new gained velocity which depends on the lattices and its 
classification. So the right hand side of equation [3.6] is to calculate the collision step: 
        txftxftxftxf keqkkk ,,
1
,,^ 
   [3.7]
 
After the collision step, the streaming step occurs during which the particles are 
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redistributed which means that term
 
 txfk ,
^
 after the collision will be moved to the 
location )( tx k  at time  tt  , and become: 
   txftttxf kkk ,,
^ 
    [3.8]
 
The gas densities and velocities after the streaming step will be updated through: 
    
k
ttxfttx  ,, ,   [3.9] 
and                      k
k
k ttxfu    , .   [3.10] 
Depending on the dimension of the lattice scheme, variety of velocity sets for different 
lattice schemes give the corresponding weight factor values and equilibrium 
distribution function that are frequently used in the literatures. Furthermore, the 
equilibrium distribution function depends only on the gas density and gas velocity of 
local information. For the D3Q19 scheme employed in the current study, the weight 
factors are given by: kw 3
1
 for k =0, kw 18
1
for k =1-6 and kw 36
1
, for, k
=7-18.  
The equilibrium distribution function ),( txf eqk  is adopted from the work of He Luo175 
which is originally developed from the general form of the equilibrium equation 
introduced by Chen et al176: 
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Where sc  is the lattice sound speed and is given by 3/1sc .   and u  are gas 
density and gas velocity, respectively, and can be calculated by: 
 
k
eq
k
k
k ff      [3.12] 
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 
k k
k
eq
kkk ffu  .   [3.13] 
 
3.3.2. Boundary Treatment 
In the study of carbon based porous GDL, the fluid flow in the porous GDL structure is 
constrained in the void space. The interface between the solid structure and the void 
space is assumed to be a non-slip boundary which was used by Wolfram177 and Lavallee 
et al178. This non-slip boundary is solved by the Bounce-Back scheme which is one of the 
simplest methods. By this bounce back method, it means that any particle that hits a 
solid wall is bounced back to the origin direction where it came from. The boundary 
treatment is needed in the streaming the collision results after the collision steps. Many 
literatures have applied the non-slip boundary conditions into their works179,180,181,182. 
Due to the simplicity of this bounce back boundary treatment, it is ideal for simulating 
fluid flows in complex geometries such as porous gas diffusion layer.  
Figure 3.3 illustrates the x-y plane view of an LB element for this boundary treatment. 
The solid area, void space and void-solid interface are represented in grey color, white 
color and ABC line, respectively. 
 
Figure 3.3 Treatment of gas-solid boundary for the bounce-back method in the x-y plane of a LB 
cube; the shadowed area is solid and the white is void space; the line ABC is the boundary. 
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As can be seen from Figure 3.3 that after collision at time t  from the origin o , particles
),(3 tof
 , ),(8 tof
 , and ),(9 tof
  are moving toward the solid wall. Since these particles 
located at the centre of the cube, they hit the solid wall through half way of its 
one-time-step journey at time )
2
(
t
t

 , and then bounced back to the origin point at 
time  tt   after the collision with the wall. Since the moving directions of particles 
are change after the bounce-back, these particles will move in the opposite direction at 
the end of the one-time step process, as shown below: 
    tofttof ,, 31        [3.14] 
    tofttof ,, 97        [3.15] 
    tofttof ,, 810        [3.16] 
Where the superscript * indicates the particles moving towards the solid filled element 
after the collision before hitting this interface. Similarly, particles moving towards the 
solid parts in the x-z, and y-z plane can be calculated in the same way.  
 
3.4. Conclusions 
<1>. Originally developed from the LGCA, the LB method is an advantageous method on 
simulating the fluid flow in complex porous geometry by tracking the collision within 
element. It shows great advantage of simplicity on simulation by avoiding solving the 
Navier-Stokes equation, compared to traditional method such as CFD method.  
<2>. The LB method has the capability of constructing micro/mesoscopic behavior of 
particles to investigate the macroscopic phenomena and also it independently focus on 
micro-world without being restricted by the macroscopic phenomena of the system.  
<3>The adoption of the single relaxation term of BGK in the current work of using LB 
method helps the velocity distribution function get close to the equilibrium status. The 
non-slip boundary condition is solved by the bounce-back method due to its simplicity. 
In this study, the D3Q19 lattice scheme is used which states that for particles on the 
three-dimensional cube there are 19 velocity directions available for moving. 
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CHAPTER 4.  X-Ray Tomography Imaging 
Technique 
 
 
 
4.1. Introduction 
The X-Ray tomography is a non-invasive technique which is able to reveal the interior 
features of opaque solid objects and their three-dimensional geometries and properties. 
Initially developed and applied in medicine field for the imaging of bones, x-ray 
tomography is now widely extended and adapted to various materials researches 
including rock, ceramic, metal and microstructures such as carbon based GDL s. The first 
commercial computed tomography scanner was introduced by Hounsfield in 1972.  
Since then this new technology has been rapidly explored and developed by academic 
and industrial researches aiming to improve and apply this technique. Nowadays, the 
x-ray tomography technology has been improved greatly, which enables us to visualize 
details as small as a few microns in size.  
The x-ray tomography scanners can be categorized into four groups according to their 
resolution and the size of the objects that they are capable to scan183, as shown in Table 
4.1. The majority of medical systems employ the conventional computed tomography. 
The industrial employed tomography systems can cover all the ranges of scanners from 
conventional to ultra-higher resolution tomography. The micro-tomography x-ray is 
popular and has been applied in many areas from geosciences to material research due 
to its high resolution capability184,185,186. The successful application of x-ray tomography 
in academic research and industry is in that the x-ray tomography has advantages such 
as: (1) it provides entirely non-destructive three-dimensional imaging; (2) there is no 
sample pre-preparation required and (3) the micro/nano-level details can be extracted 
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by three-dimensional reconstruction. Though there are still limitations of x-ray 
tomography existing such as: (1) higher resolution requires small objects; (2) finite 
resolution may bring some blurring of material boundaries; (3) considerable computer 
resources for visualization and analysis can be required for large data volumes 
(gigabytes+).  
 
Type Scale of Observation Scale of Resolution 
Conventional m mm 
High-resolution dm 100 m 
Ultra-high-resolution cm 10 m 
Microtomography mm  m 
 
Table 4.1 General classification of computed tomography182. 
 
Due to the advantages that the x-ray tomography imaging technique can offer, the x-ray 
tomography is employed for producing reconstructed three-dimensional binary images 
of carbon cloth and carbon paper GDLs. The generated 3D images provide not only the 
accurate microstructures of the carbon based GDL materials in digital binary images, 
which can be used for LB modelling; they also give the visualization of the structures 
from micro-scale level. 
 
4.2. Equipment and Methodologies 
Typically, an x-ray tomography system consists of an x-ray source, series of detectors 
and a target to be imaged.  
X-ray Sources: 
The x-ray tubes are used as the x-ray sources which are characterized by three main 
factors: (1) focal spot size; (2) x-ray energy spectrum and (3) x-ray intensity. The focal 
spot size provides the number of source-detector paths which will intersect a given 
point in the target to be scanned. The energy spectrum determines the penetrative 
ability of the x-rays when they scan through the object materials as well as the relative 
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attenuation resulting from the different density of the materials. Though higher energy 
x-rays have strong penetration ability, they have to sacrifice the sensitivity to changes in 
material composition and density. The x-ray intensity influences the signal to noise ratio. 
Higher intensity improves the image clarity, but requires a larger focal spot size. 
X-ray Detectors: 
The majority of the x-ray use scintillators as x-ray detectors since the scintillators 
materials are able to count the flashes of light which is generated by the x-rays. 
Nowadays it’s common that the x-ray system employs the charge coupled device 
(CCD)-based detector arrays. The important parameters of the detectors are the size, 
materials and their efficiency in catching the energy spectrum generated by the x-ray 
source. The size of a detector is in charge of the amount of a target that is averaged into 
a single intensity reading. Usually the scintillation materials are cesium iodide, 
gadolinium oxysulfide and sodium metatungstate. The efficiency of scintillation 
detectors depends on the x-ray energy since higher energy x-ray can gives more 
penetration than lower energy x-ray ones.  
Figure 4.1 shows the schematic view of an x-ray tomography system employed in this 
work. The x-ray tomography system includes an x-ray source, a rotating sample holder 
and an x-ray detector. The x-rays are converted to flashes of light by a scintillator screen. 
A Hamamatsu x-ray camera is used as the x-ray detector for this system which includes 
a scintillator and a charge coupled device (CCD) chip. The CCD chip size is smaller than 
that of the scintillator and can be damaged by x-rays under long exposure condition. In 
order to reduce damage, a tapered fiber-optic bundle is used and glued to the scintillator 
screen at one end and the CCD chip at the other end. The bundle translates the position 
from the scintillator down to the CCD chip at 1:1 precisely. The camera has a CCD chip 
with 1024x1024 pixels and a 12 bit depth. The resolutions for generating 
microtomography images and Nanotomography images are different depending on the 
scanning system. The microtomography scanner system provides a resolution of 
1~10  m, while the nanotomography scanner can give a resolution less than 100 nm187, 
188. The maximum resolution of a system is calculated from the object diameter of the 
camera and the number of the pixel cross it. 
71 
 
 
Figure 4.1 The micro/nano tomography system 
 
To reconstruct three-dimensional binary images, there are mainly three steps involved: 
(1) two-dimensional image acquisition; (2) image processing and thresholding and (3) 
three-dimensional digital reconstruction. 
4.2.1. Two-Dimensional Image Acquisition 
For the x-ray tomography technique, there is no need to prepare the sample before the 
imaging process. It only needs to make sure that the target is inside the field of view 
without moving during the whole scanning process. During the process a sample is held 
in front of the x-ray source. By rotating step by step through 180ºrelative to the x-ray 
source, a series of 2D shadow image are recorded using an x-ray detector array. At this 
step, the 2D gray scale shadow images obtained can be used to generate a virtual 3D 
image of the GDL. Microtomography images are acquired using a Skyscan 1072 system 
with an X-ray source of 50 kV at 100  A and a rotation step of 0.9 deg. The 200 
two-dimensional shadow images can be acquired in 45 min with a resolution of 1.76  m. 
Nanotomography images are acquired using a Skyscan 2011 system with X-ray source of 
25 kV at 200  A and a rotation step of 0.5 deg. The 371 two-dimensional shadow 
images can be acquired in 40 min with a resolution of 680 nm pixels. 
The next step is to find the cross section image of the 2D gray scale shadow images 
obtained by the x-ray detector. A cross section image is defined as an image view as 
cutting through the scanning plane and this is implemented by CTAn software189. The 
typical 2D shadow image of a 100 x 300 x 100  m3 carbon cloth GDL scanned by the 
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x-ray nano-tomography with resolution of 680 nm and the cross-section image are 
shown in Figure 4.2(a) and (b), respectively. 
 
 
(a) 
 
 
 
 
 
 
 
 
 
(b) 
 
Figure 4.2 Typical x-ray tomography images of a 100 x 300 x 100  m3 carbon cloth GDL 
sample. (a) a typical two-dimensional shadow image scanned by x-ray nano-tomography with 
680nm resolution; (b) the reconstructed greyscale cross-section image by CTAn software 
with microtomography191. 
 
4.2.2. Image Processing and Threshold Tuning 
In order to investigate the structure and pore-scale characteristics of the GDL, it 
requires an accurate representative three-dimensional model for the simulation and 
analysis. The reconstructed three-dimensional images of GDL samples have to be ready 
for the LB simulation analysis. Therefore the threshold tuning process on the grey scale 
cross section images are carried out to produce three-dimensional binary images for the 
simulation. 
Currently, the appropriate threshold tuning is often determined by visual inspection or 
by a scanner-supplied algorithm190,191. A heuristic technique was developed by Ostadi et 
al 192 . They determined the threshold level by comparing the surface of the 
three-dimensional image generated by the x-ray tomography with a reference scanning 
electron microscopy (SEM) image of the same surface in terms of average fiber diameter 
and connectivity. For the study of carbon fiber based GDL materials, a method for 
fine-tuning the threshold of nanotomography images was employed from the same 
author193. Using this method, the porosity and average fiber diameter of a GDL material 
obtained from a series of thresholded X-ray nanotomography images were compared to 
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the reference values of porosity and average fiber diameter acquired from density 
experiment and SEM images respectively. SEM is a type of electron microscope that 
images a sample by scanning it with higher energy electrons to generate a variety of 
signals at the surface of solid samples. SEM can generate a two-dimensional image from 
a selected area of the surface of the sample. The generated SEM images can reveal 
information about the sample including external texture, chemical composition and 
orientation of materials making up the sample.  
The thresholding is applied on the 2D grey scale image which is composed of up to 256 
grey shades. The thresholding processes describes the grey scaled 2D image sample by 
assuming that lighter regions corresponds to void space and darker regions corresponds 
to solid space; which means digital number 0 and 1 are designated to represent void 
space and solid space, respectively. Firstly a 2D SEM image of one surface of the imaged 
sample is taken, as shown in Figure 4.5(a). The SEM can provide high-contrast and high 
resolution grey scale image of the surface of the imaged sample; hence it allows the 
features of the carbon fibrils of the GDL to be investigated. The appropriate threshold 
level is then determined by using SEM images as a reference for determining the average 
diameter of the sample fibers using CTAn software. It is assumed that the average fiber 
diameter determined from the reference image is representative of that for the entire 
3D structures. Among the thresholded images, the threshold level applied is accepted 
when the average fiber diameter and porosity of the 3D image is within  1% of 
measured fiber diameter. The porosity in the reference image and the fiber continuity is 
also checked. 
The fiber diameter and the porosity obtained from the tomography can be affected by 
the threshold variation. The measurements were carried out to identify the relationship 
between the threshold variation and the pore size by Ostadi et al192. They reported that 
by increasing the threshold level to 5% (13 grey levels), the average fiber diameter 
fluctuates about 10% for the carbon paper and decreases 5% for carbon cloth; while the 
porosity of both carbon paper and carbon cloth increase linearly about 5% over the 
threshold for 5% threshold variation, as shown in Figure 4.3. The effect of threshold 
variation on continuity of the fibers is also considered. Figure 4.4(a) and (b) shows and 
example of the effect of 5% variation on threshold on the fiber continuity of the carbon 
cloth GDL. It is clearer to see from the highlighted circle in (a) and (b), that higher level 
thresholded image shows better fiber continuity than the low thresholded one. 
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(a) (b) 
Figure 4.3 Variation of fiber diameter and porosity of 5% threshold band (13 grey levels). (a) 
average fiber diameter; (b) porosity  
 
  
(a) (b) 
Figure 4.4 The effect of 5% change in threshold on fiber continuity. The highlighted parts are 
example of this discontinuity. (a) low threshold; (b) high threshold194. 
 
 
4.2.3. Three-Dimensional Digital Reconstruction 
The reconstruction of the 3D binary image is a standard process using CTAn software 
and there are several algorithms that can be used such as Marching Cube 33, 
Double-Time Cubes or Adaptive Rendering195. The detailed imaging process is discussed 
in greater detail elsewhere190. 
Figure 4.5(a) ~ (d) illustrates the images of 3D and 2D images of a 100 x 300 x 100  m3 
carbon paper GDL sample nano-tomography . Figure 4.5(a) shows the shadow 
tomography image of carbon paper scanned with 680 nm resolution scanned by the 
x-ray. (b) and (c) give the reconstructed 2D cross section image slice using CTAN 
software and its binary image, respectively. It can be seen that the grey scale shadow 
image in (a) has shown clear void space (white/lighter) and solid space (darker/black) 
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in (b) and (c) after the threshold tuning process. (d) shows the reconstructed binary 
image using optimal threshold value. The reconstructed 3D images are saved as three 
dimensional arrays of binary digitals in which 0 and 1 represent void space and solid 
space, respectively. The reconstructed binary image of the GDL sample then can be 
readily supplied to the LB model for simulation. 
 
   
 
 
(a) (b) (c) (d) 
Figure4.5 2D and 3D images of a 100 x 300 x 100  m3 GDL carbon paper sample; (a) 2D shadow 
X-ray tomographic image with 680 nm resolution scanned by the x-ray nano-tomography (b) 2D 
reconstructed grey scale image using CTAn software; (c) binary image of the cross section shown 
in (b). (d) an isometric view of the reconstructed image of carbon paper GDL with 680nm 
resolution using CTAn.  
 
 
4.3. Conclusions 
<1>. The x-ray micro/nano tomography technique has been employed as an effective 
tool for seeing inside structures of complex porous GDL by reconstructing actual 
3-dimensional structure of the samples. 
<2>. The processes of generating a reconstructed 3D digital image involves firstly the 2D 
shadow image taking, and then the important threshold estimation is carried out by 
using the SEM images as references to tune the grey level of the shadow images. The fine 
tuned images are then used to generate the three-dimensional digital images in which 
number 1 represents the solid space and number 0 represents the void space. This 
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threshold process ensures that the 3D digital images generated are as close to reality as 
possible. 
<3>. The 3D digital binary images are reconstructed by the x-ray tomography from the 
real geometry of the GDL samples. Therefore they contain actual microstructural 
information of the GDL structure and are ready to be supplied directly to the LB model 
for simulation. 
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CHAPTER 5.  X-Ray Tomography Based Lattice 
Boltzmann Simulations 
 
 
 
5.1. Introduction 
The carbon based porous GDL provides pathway for transporting reactants to the 
catalyst layer, mechanical supports between the channel and electrolyte and allow 
excess water being expelled out of the channel. It is usually in the form of carbon paper 
or carbon cloth, which consists of carbon fibrils and regular woven bundles of carbon 
fiber, respectively. For either the carbon paper or carbon cloth, the individual carbon 
strands is about 7-12  m in diameter, while in carbon cloth the woven bundle diameter 
can be in the region of 400  m196. The maximum pore diameter can be as large as 
250  m in carbon cloth while in carbon paper the maximum pore diameter is around 
40  m. For both carbon paper and carbon cloth, parameters such porosity, permeability 
and pore connectivity largely rely on fibril content, woven bundle diameter and the 
fibers arrangement. Due to the complex carbon fiber structure of the porous GDLs, the 
anisotropic characteristics of the material determines that the fluid flow that transports 
through those materials will be multi-direction. In order to investigate micro-scale fluid 
flow behavior through the porous GDL, therefore it needs a greater understanding on 
the actual interior structural side of the material.  
The LB method has shown great potential on simulating fluid flow on complex geometry. 
Hao and Cheng145 studied the anisotropic permeability of carbon paper GDLs using LB 
model. Similarly, in the work of Niu et al144 they developed a LB model to investigate the 
liquid-gas transport through the PEM GDL, absolute permeability and relative 
permeability. There are other works in literatures on simulating fluid flow problems in 
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porous medias197,198,199,200,201,202. However, it is necessary to note that the current 
models are limited by using the software generated artificial 2D or 3D geometries of the 
GDL structures which are not close to real ones in terms of internal microstructure. In 
order to model the PEM fuel cell GDL with more realistic situation, it is ideal to 
generated accurate 2D or 3D structural models based on real carbon fiber GDL samples.  
In this chapter the 3D digital binary image of a carbon paper GDL is reconstructed using 
x-ray computational tomography technique which has been introduced previously. The 
reconstructed binary image is then supplied to the single phase single component LB 
model to simulate the flow transport through the interested GDL structure. The 
calculated result of permeability using this combined technique is validated against 
experimental data. The results prove the capacity of the combined technique of x-ray 
tomography based LMB for predicting the flow characteristics in GDL microstructures. 
 
5.2. Methodology 
 
 
5.2.1. Single Phase Single Component LB Model 
The LB model for simulating a single gas is called the Single Phase Single Component 
(SPSC) LB model. An existing LB model for soil structures is employed and modified to a 
single phase single component model to simulate the flows through the porous 
media203,204. The SPSC LB model used in this study is to simulate air transport through 
the carbon paper GDL. The SPSC LB Model with single relaxation time of D3Q19 scheme 
has been described in Figure 3.1 in Chapter 3. By using this scheme, the sample space is 
divided into regular lattice, and the particles in each lattice (voxel) are assumed to move 
in nineteen directions from the original position. The bounce-back method is used here 
to treat the solid and void boundary of the porous structure. It means that particles that 
collide with wall will simply bounced back to their original positions at the beginning of 
the time step. A pressure difference as the inlet and outlet boundary of the simulation 
domain is imposed to through-plane direction to drive the gas flow. The key equations of 
this LB model were previously described in by Equation [3.2] ~ Equation [3.11]. 
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5.2.2. X-ray Microtomography 
The x-ray microtomography is employed to generate the 3D reconstruction image of the 
carbon paper GDL. For microtomography images, a Skyscan 1072 system with an X-ray 
source of 50 kV at 100  A and a rotation step of 0.9 degree is used and 200 shadow 
images with a resolution of 1.76  m can be obtained in 45 mins. The maximum 
resolution of a system is defined by the object diameter of the camera as well as the 
number of pixel across it. In the Skyscan 1072 microtomography system, the resolution 
is calculated as the object diameter (1.8 mm) divided by 1024 pixels giving 1.76  m.  
 
5.3. Simulation 
The 3D images that reconstructed by the x-ray microtomography are saved as three 
dimensional arrays of binary digitals. The binary digital image is presented by 0 and 1 
which indicates void space and solid parts, respectively. It is necessary to know that in 
order to ensure that the 3D digital images generated are spatially and computationally 
fit the LB model, it requires that the coordinate selection during the images generation 
are consistent with that for LB model; and the lattice size of the LB model needs to 
match with the resolution of 3D images. The reason is that it will easily allow each voxel 
of the 3D binary digital image to be fed as the lattices of the LB model. Moreover, the 
image size, the complexity of the image structure and the computational resource 
availability also need to be considered before the simulation.  
A carbon paper GDL sample is used for the experimental measurement of the 
permeability which has a nominal thickness of 217  m, a density of 397 Kg/m3 under a 
compression pressure of 50 kPa. The sample used for x-ray microtomography is taken 
from the same batch. However, due to the limitation of the x-ray detector area as well as 
the computational resource, it is difficult to image and simulate the whole area of the 
GDL. Therefore a relatively representative large 3D area (total areal representation < 
1.0%) of the carbon paper sample were imaged and divided into 14 series of digital 
regions. Then each region is supplied to the SPSC LB model to calculate the absolute air 
permeability for each supplied region by simulating the gas velocity. The pressure 
difference applied to each region for driving the flow is 20 Pa according to the literature 
suggestion that the pressure drop across a GDL in an operating fuel cell needs to be less 
than 100 Pa205. Because the absolute permeability shows linear dependency of gas flow 
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rate on the pressure gradient applied, the selected pressure difference has to ensure this 
linearity as the gas flow rate is concerned. In order to minimize the effects of local 
heterogeneities in the porous carbon paper structure which would cause overprediction 
or underprediction of simulated permeability, the average mean value of simulated 
absolute permeability of all 14 regions is calculated to compare with the measured 
value.  
The measured value of air absolute permeability was implemented by using a Frazier air 
tester. The volumetric flow rate and the pressure drop along through plane direction 
were measured when system reached steady state. By applying the measured values of 
average flow rate and the pressure drop to Equation [5.1], the absolute air permeability 
of the carbon paper GDL was obtained. All the measurement was carried out at standard 
room temperature, and the GDL sample for the testing does not contain an MPL. 
5.3.1. Permeability Calculation 
The GDL is an important component in the PEM fuel cell since it provides pathways for 
reactant gases transport through. Permeability represents the abilities of conducting 
gases of a porous carbon based GDL. The absolute permeability k  of a GDL can be 
calculated based on the Darcy’s law: 
 LP
q
k
/


   [5.1]
 
where q  is the average gas velocity through the GDL in the direction along the imposed 
pressure gradient when the flow reaches its steady state.  is the gas density which can 
be calculated from equation [3.3]. P  is the pressure gradient applied along the 
through-plane direction across the GDL image. The kinetic viscosity is related to the 
dimensionless relaxation time   by206: 
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
   [5.2]
      
where x is the lattice unit and t  is the time step.  
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In fact, when a pressure gradient is applied to the through-plane direction, the gas can 
also flow in the in-plane direction. Therefore, there will be six components of the 
permeability tensor ( zyxnmkmn ,,,,   and )nmmn kk  , and these can be calculated 
by applying the pressure difference in the different directions of the image.  
For example, if the pressure difference is applied in the x direction parallel to the flow 
direction, the three components of the permeability tensor can be calculated as: 
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Accordingly, by applying the pressure difference to the other two directions, the other 
components of the permeability tensor are to be calculated. 
When the pressure gradient was applied in the y direction,  
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And when applying the pressure gradient in the z direction: 
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where xq , yq , and zq  are the average velocities, and xL , yL , and zL  are the 
lengths of the simulation domain in the x, y, z direction, respectively. The permeability 
tensor mnk  (m=x,y,z; n=x,y,z) for each component can be explained as the permeability 
of the porous medium in the m
 
direction when the pressure difference is imposed in the 
n direction. 
The average velocities is defined as  
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Where the subscript i represents the elements;  
i
ix xu ,  
i
iy xu ,  
i
iz xu  are 
the summation of three simulated velocities components for each element for the 
simulated image. All the variables in Equation [5.3] - [5.6] are measured in a spatial unit 
x  and a temporal unit t .  
The parameter   is used to adjudge the steady state condition once its value fall 
within the range 510 : 
   
 
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ij
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ijij
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,
,100,
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5.3.2. Simulation scheme 
Figure 5.1 shows the flow chart of simulation process of LB modeling with x-ray 
tomography imaging as well as the experimental test. The LB model was programmed 
using C++ language. The simulation was implemented on a quad-core 2.33 GHz 
computational resource with 3.25 Gbytes of RAM. A single-phase simulation for one 
region can take up to 240 mins.  
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Figure 5.1 Flowchart of X-ray tomography imaging and LB simulation 
 
 
5.4. Results and Validation 
The whole size of the simulated carbon paper sample is 1246 x 1716 x 271  m3 with a 
resolution of 1.76  m. The through-plane y direction which is perpendicular to the x-z 
plane is the main simulation direction along which the pressure gradient is applied. The 
3D shadow image of the overall sample is shown in Figure 5.2. The sizes of the 14 
regions of this sample are shown in Table 5.1 which gives both the voxel size as well as 
the physical size.  
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Figure 5.2 The overall 14 3D shadow images of a 1246 x 1716 x 271  m3 carbon paper GDL with 
1.76  m resolution for the LB simulation, provided by the x-ray microtomography.  
 
                    
  Region 1-6 
 
Region 7 and 8 Region 9-14 
  X Y Z X Y Z X Y Z 
Image size in voxel 354 154 150 354 154 75 354 154 150 
Resolution, μm 1.76 1.76 1.76 1.76 1.76 1.76 1.76 1.76 1.76 
Image size, μm 623 271 264 623 271 132 623 271 264 
                    
 
Table 5.1 Image sizes for each region of the 3D carbon paper image 
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5.4.1. The through-plane absolute permeability 
The through-plane absolute permeabilities of 14 individual regions were simulated by 
the LB model and the mean absolute permeability was calculated. The results are shown 
in Figure 5.3. The measured value of absolute permeability is also presented in the same 
figure for comparison.  
 
 
Figure 5.3 The simulated absolute permeability of 14 regions, the mean simulated absolute 
permeability, and the measure values for the same sample  
 
The simulated mean value of the absolute permeability of all 14 regions is 6101.2 
mm2 and the measure permeability is 6108.1  mm2 both of which are in the same 
order of magnitude. In order to exam the accuracy of simulation results, a parameter 
 
is introduced here to calculate the error.   is defined as the ratio of the difference 
between measured and calculated value of absolute permeability over the order of 
magnitude of the measured value perm , as shown in Equation [5.9]. The error shows 
that the simulated value is only 3% greater than the measure one.  
%100



perm
calcmeas kk
  [5.9]
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Comparing values of the simulated absolute permeability of fourteen regions with the 
mean value of 6101.2  mm2 gives the standard deviation of 7107.2  mm2. This 
means that there is %13  difference around the mean simulated value which 
indicates the heterogeneous characteristic of the porous media. 
Figure 5.4 and Figure 5.5 give three-dimensional views of three representative regions 
out of the fourteen which are region 1, region 8 and region 14. Figure 5.4 are the 3D 
images as can be seen in Figure 5.2 and the Figure 5.5 shows the rotated 3D images of 
the three individual images. The reason for choosing these three regions is that Region 8 
and region 14 are the ones with highest permeability value of 6108.2  mm2 and 
lowest value of 6107.1  mm2, respectively. Region 1 has the permeability value of 
6101.2  mm2 which is most close to the mean simulated value.  
 
 
(a)  region 8 
 
(b)  region 14 
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(c)  region 1 
Figure 5.4 The binary 3D images of: (a) region 8 with size of 354 x 154 x 75  m3 , (b) region 14 
with size of 354 x 154 x 150  m3  and (c) region 1 with size of 354 x 154 x 150  m3, as seen 
from Figure 5.3 
 
Figure 5.5 shows rotated 3D view of region 8, region 14 and region 1 in (a), (b) and (c), 
respectively. It gives clearer view of the fiber layout. Region 8 has more void space as 
can be seen from (a) which gives more space for gas to travel through. Region 14 in (b) 
has also relatively large void space; however, the fibrils organization is more compact 
compared to that of region 8. This layout limits the permeation of air through the 
structure which causes a lower permeability value. In comparison with region 8 and 
region 14, region 1 in (c) has a structure with moderately organized fibril and relative 
large void space. It has the permeability most close to the average value. 
 
 
(a)  region 8 
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(b)  region 14 
 
(c)  region 1 
Figure 5.5 Rotated 3D binary images of: (a) region 8 with size of 354 x 154 x 75  m3 , (b) region 
14 with size of 354 x 154 x 150  m3 and (c) region 1 with size of 354 x 154 x 150  m3  
 
5.4.2. The In-plane Absolute Permeability 
The simulated absolute in-plane permeability of x direction and of z direction for all the 
fourteen regions are presented in Figure 5.6(a) and (b), respectively. The calculated 
mean simulated absolute permeability in x direction is 9100.27  mm2 and that in z 
direction is 9109.10  mm2. It’s been known from Figure 5.4 that the mean simulated 
absolute permeability of through-plane y direction is 
6101.2  mm2. Then by 
comparing the in-plane absolute permeability with that of the through-plane, it is 
noticed that the mean values in both in-plane directions are two orders of magnitude 
smaller than that of through-plane direction. This shows that even though the pressure 
gradient is imposed to the through-plane direction, there will still be gas pass through 
from the in-plane direction but with much slower rate compared to that of the gas flow 
through the through-plane direction. 
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(a) 
 
 
(b) 
Figure 5.6 Simulated absolute permeability of two in-plane direction: (a) x direction and (b) z 
direction 
 
5.5. Conclusions 
A three-dimensional single phase LB model previously developed for soil structure has 
been modified by Zhang et al203 to simulate air flow transportation within a carbon 
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paper GDL. The actual GDL structure was reconstructed to three-dimensional binary 
images by the x-ray tomography technique and can be directly supplied to the LB model 
to carry out the simulation. The absolute air permeability of through-plane direction and 
two in-plane directions have been simulated by the LB model. The agreement of the 
calculated permeability with the experimental values proves the feasibility the 
combined methodology. The results of this study are concluded below: 
<1>. The x-ray microtomography technique has been employed to generate the 2D 
shadow images of carbon paper GDL sample, which is then been processed and 
converted into 3D digital binary images by applying a threshold tuning treatment. The 
sample size of 1246 x 1716 x 271  m3 is selected to enclose the heterogeneous 
properties of the carbon paper structure as much as possible. The sample is further 
divided into fourteen regions since the large size of the image is difficult to handle due to 
the computer resource. The 3D digital binary images of the carbon GDL sample of all 14 
regions are reconstructed by the x-ray tomography and are supplied to the LB model for 
simulation. 
<2>. The simulated absolute permeability in the main through-plane y direction is 
compared with the measured value of the same carbon paper GDL under the standard 
temperature. The mean simulated absolute permeability value of total fourteen regions 
is 6101.2  mm2. This value has the same order of magnitude with the measured value 
of 6108.1  mm2. The structural inspection shows that the structure with large void 
space usually has higher permeability than that with less void space. However, if the 
structure is very compact even though there is large void space existing, the 
permeability of the structure can be lowered. 
<3>. The gas flow in the in–plane direction occurs even though the pressure gradient is 
imposed in the through-plain direction. The absolute permeability of in-plane x- 
direction and in-plane z-direction are 9100.27  mm2 and 
9109.10  mm2, 
respectively. By comparing with the through-plane permeability, the two in-plane values 
are two orders of magnitude smaller.  
<4>. An indicator of error   is introduced to exam the accuracy of the simulation 
results in the order of magnitude of the measured permeability. Only 3% difference is 
found which shows the feasibility of using the combined method of x-ray tomography 
based LB model. 
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CHAPTER 6.  Simulation Studies on Carbon Paper 
Gas Diffusion Layer 
 
 
 
6.1. Introduction 
The single phase LB model combined with x-ray microtomography technique has been 
presented in the previous chapter for single species simulation on air absolute 
permeability. The overall results show the capability of the combined technique for 
pore-scale modeling for porous media. The study in previous chapter restrains the LB 
model on single component simulation. It is known that there are two or three main 
species to supply to the PEM fuel cell anode or cathode. In this chapter, three species of 
oxygen, water and nitrogen transportation through a carbon paper GDL is studied. The 
LB simulates the gases one-dimensional partial pressure along the flow direction under 
four fuel cell operating conditions.  
 
6.2. Methodology 
The previously presented three-dimensional single phase single component (SPSC) 
Lattice Boltzmann model was modified to single phase multicomponent (SPMC) model 
to simulate multi-component flow through cathode side of carbon paper GDL. The 2D 
shadow image of the carbon paper structure is captured by x-ray microtomography and 
reconstructed into three-dimensional digital binary image and is supplied to the 
multicomponent LB model. A previously developed 1D numerical General Transport 
Equation (GTE) based PEM fuel cell model is employed to calculate the boundary 
conditions at the two sides of the GDL for the LB model207. Structural property of the 
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GDL such as permeability, porosity and tortuosity are calculated by the single phase 
single component LB model which was introduced in previous chapter. For the 
simulation study in this chapter, four different sets of boundary conditions at the 
GDL/channel interface are provided by the 1D GTE fuel cell model in terms of flow rates 
and partial pressure for oxygen, nitrogen and water, respectively. The simulated results 
will be compared with results from the 1D fuel cell model for validation. 
6.2.1. Single Phase Multicomponent LB model 
The LBM for SPSC modeling was used to simulate a single gas transport within the GDL. 
In order to apply the LBM in fuel cell context, multicomponent of LB model is necessary. 
In the literature, there are few studies of multicomponent transport using LBM. 
Arcidiacono et al208 proposed a simulation study on multicomponent mixture by LBM 
which gives an extension application on planar opposite jets and planar micro-coutte 
flow. In the work of Joshi et al209, multicomponent transport in a solid oxide fuel cell 
(SOFC) anode using a two-dimensional LBM was presented to investigate the porous 
geometry influence on porosity, fuel delivery as well as water removal. In the work of 
Chiu et al 210, they extended the previous work208 of three components to five species to 
study the mass transfer through the porous anode of SOFC. These literatures provided 
simulation study of multicomponent transport; however, with their focuses on SOFC. In 
the study presented in this chapter, the LB model for binary mixture proposed by Luo 
and Girimaya211 is adopted and modified to simulate three components flow. The theory 
and key equations of the LBM has been introduced in Chapter 4. D3Q19 scheme for the 
LB method is illustrated in Figure 3.1.  
In the three component system, the particles movement include both self-collision and 
cross-collision which is different from single component system where only 
self-collision is involved. The LB Equation [3.2] can be modified for multicomponent 
as212: 



ij
ij
k
ii
k
i
k
i
k
i
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where ),( txf ik  represents the particles velocity distribution function along the k th 
direction in velocity
i
k .
 
Term ),( txQijk represents the cross-collision which is the 
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collision between particles of specie i and of specie j. ),( txQiik  means self-collision of 
species i, (i , j=1,2,3).
 
For species i  at location x and at time t, the density i  is calculated by  
   
k
i
ki txftx ,, ,   [6.2] 
And the velocity iu  by 
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i
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Hence, the total mass density and the average bulk velocity of the system can be 
obtained: 
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The single relaxation time approximation is used to describe the self-collision term 
followed by the work of Luo et al210: 
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Where i  is the dimensionless relaxation time parameter which is related to the 
viscosity of species i . ),(
]0[ txf ik  is the equilibrium distribution function. 
The corss-collision between species i and species j is calculated by: 
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Where ij  is the dimensionless relaxation parameter for cross-collision of species i and 
j, (i , j=1,2,3). ic  is the lattice sound speed of species i. The term ),(
][ txf eqik  in 
Equation [6.7] is the equilibrium distribution function. The values of ),(]0[ txf ik  and 
),(][ txf eqik  is defined by: 
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where kw  is the weight factor. 3
1
kw  for k =0; 18
1
kw  for k =1~6 and
36
1
kw  for k =7~18. 
Since different species have different weights, their corresponding velocities are 
different. If M1, M3, and M2 are designated as the molecular weights of species 1, species 
3, and species 2, and they are assumed to have the lightest, heaviest and the medium 
weights, respectively. Term 1ξ k  represents the velocity of species 1 along k th direction.  
In the D3Q19 lattice scheme, it means that there are the nineteen velocities directions 
(e0~e19): 
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)0,0,0(10   ξ   
)0,0,/(1 txk ξ , k=1,2 
)0,/,0(1 txk ξ , k=3,4 
)/,0,0(1 txk ξ , k=5,6 
)0,/,/(1 txtxk ξ , k=7~10 
)/,0,/(1 txtxk ξ , k=11~14 
)/,0,/(1 txtxk ξ , k=15~18 
 
 
where x is the side length of the cubic voxels of the 3D image and t is the time step.  
The individual velocities of the particles of species 2, and of species 3 can be obtained by 
1
2
12 ξξ kk M
M
  and 
1
3
13 ξξ kk M
M
 , respectively 
The partial pressure is calculated by:  
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6.2.2. 1D General Transport Equation Based Fuel Cell Model 
The one dimensional mathematical PEM fuel cell model is employed which was 
previously developed and validated based on General Transport Equation (GTE)206. The 
main GTE was derived from fundamental molecular theory and focus on the species 
transportation driven by: (a) concentration gradients; (b) pressure gradients; (c) 
temperature gradients and (d) an electric field, as described below in Equation [6.11]: 
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where ic  is the molar concentration, i  is the electrochemical potential, is  is the 
molar entropy, in  is the molar flux rate, i  is the electro-osmotic drag ratio, iv  is 
the molecular velocity and TiD  is the thermal diffusion coefficient. For the current 
study, the effect of temperature gradients along the through-plane direction is negligible. 
Therefore in absence of term T , Equation [6.11] becomes: 
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Since the electro-osmotic drag does not exist in electrical neutral material of GDL, the 
second term on the left side of Equation [6.12] does not occur.  
The pressure gradient JP  of species j , through the GDL can be determined by 
Darcy’s Law: 
Kkc
n
P
JJ
JJ
J

    [6.13] 
where K  is the absolute permeability and Jk  is the relative permeability prefactor 
which accounts for liquid saturation, respectively. J  is phase viscosity.  
 
6.2.3. X-ray Tomography imaging 
The x-ray microtomography is used to generate the three-dimensional digital binary 
image of a carbon GDL. Before reconstructing the 3D digital image, the thresholding is 
carried out to tune the 2D grey scale image. The reference image taken by SEM is 
compared with that of the same surface image from the 3D model in terms of average 
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fiber diameter which are 7.5  m and 7.9  m, respectively. The interested size for 
simulation of the carbon paper structure is shown in Figure 6.2. The size of the region is 
78.3  m x 78.3  m in x-y plane and 252.3  m in through-plane z direction which 
corresponds to 45 x 45 x 145 pixel size with resolution of 1.74  m  
 
 
Figure 6.1 X-ray microtomography structure of the carbon paper GDL in size of 610.7 m x 
252.3 m x 252.3 m. The interested simulation region is shown in size of 78.3 m x 78.3 m x 
252.3 m, in x, y and z direction, respectively. 
 
The tortuosity in the through-plane and the porosity of the reconstructed carbon paper 
can be calculated by the SPSC LB model and the values are 1.15 and 84%, respectively. 
These values can then be supplied to the 1D GTE fuel cell model. Figure 6.2 illustrates 
the tracks of the transporting gases through the GDL structure in size of 610.7 x 252.3 x 
252.3  m3 as shown in Figure 6.1. It can be seen that the flow streams do not transport 
in the straight lines following the main direction within the GDL. Some travel towards 
in-plane directions and some travel along paths that are full of twists and turns. This 
indicates that the porous carbon GDL structure has heterogeneity characteristic which 
enforces the gas flow transporting along tortuous paths rather than following the main 
direction. 
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Figure 6.2 3D stream tubes of the reconstructed 3D digital image of carbon paper GDL in size of 
610.7 m x 252.3 m x 252.3 m, in x, y and z direction as shown in Figure 6.1 
 
 
6.3. The Simulations 
 
 
6.3.1. Interfacial Conditions 
 
 
Figure 6.3 Simulation area of PEM fuel cell for SPMC LB model 
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Figure 6.3 shows the cathode side of the PEM fuel cell. The grey coloured area is the GDL. 
The GDL/channel interface B1 and GDL/catalyst layer interface B2 are the inlet and 
outlet boundaries for the LB model, respectively. The simulation was running on 
operation condition at 0.5 A/cm2 current density. 
GDL/Channel Interface B1 
The partial pressure of each species at interface B1 is specified by the work proposed in 
previous chapter, and it is assumed that the partial pressures of each gas do not change 
with time.  
GDL/Catalyst Layer Interface B2 
At interface B2, the flow rates of each species are various. At GDL interface B2, the 
oxygen consumption rate can be obtained from the 1D GTE based numerical fuel cell 
model at given operating condition. As for the nitrogen, it is assumed that nitrogen is not 
allowed to pass through the GDL/catalyst layer interface which means that flow rate of 
nitrogen at B2 interface is considered zero and it is solved by the bounce-back method 
as discussed previously. Water vapour movement in the cathode GDL are from two 
sources: (a) water generated by the electrochemical reaction and (b) water that 
transports from anode side through the membrane. Therefore the water flow rate can be 
calculated by the 1D fuel cell model based on the operating current density as well as the 
net water flux ratio206.  
In the SPMC LB model the flow rate of a species can be determined in terms of the 
particle distribution function of all three species (oxygen, water and nitrogen) in 
Equation [6.14]210. This equation is accounted for the oxygen and water vapour at B2 
interface where their respective flow rate are specified. 
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Substituting term 
18
k
i
k
i
kf   by Equation[6.3], Equation[6.14] can be can be 
transformed and solve in terms of microscopic particles movement. This transformed 
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equation also reflects the Stefan-Maxwell equation which discusses the transport 
phenomena in a macroscopic level. 
 
6.3.2. Simulation Scheme 
The simulation scheme is shown in Figure 6.4. 
 
 
Figure 6.4 General modeling scheme of the multicomponent fluid transport through x-ray 
micro-tomography reconstructed 3D digital GDL stricture 
 
The multicomponent LB simulation was implemented on a quad-core computer of 2.33 
GHz with 3.25 GB RAM size which is the same computational resource used in previous 
study. The accuracy of the simulation results of the LB model is subject to the 
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computational timesteps that the code is able to perform. It is known that enough 
timesteps are necessary for the LB simulation in order to reach the steady-state 
accuracy; however, this will require longer computational time to perform accordingly. 
Therefore a reasonable computational time range needs to be designed to ensure that 
the acceptable accuracy can be obtained without sacrificing too much computational 
time. In this simulation work, the overall computational timesteps allowance which is 
processed by the LB simulation is up to 350,000 timesteps. The total simulation time 
required for each of the four simulation conditions is around 120 hours. The 
convergence is estimated every 5000 timesteps and starts from the 10,000th timestep. 
The error ni ,  of species i is defined by the timesteps n processed in Equation [6.15], 
and the error in a percentage form relative to the 5000th timestep is shown in Equation 
[6.16].  
  
1
0 5000,,
1
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The percentage error in terms of LB computational timesteps is illustrated in Figure 6.5 
which presents the simulation of three gases in one of the four simulation conditions. 
The results show that the percentage error for water vapor converges quicker than that 
for nitrogen. After 300,000 timesteps, the percentage error of both water and oxygen fall 
below 5%, and both further decrease down less than 3% by 350,000 time steps. 
However, compared to water vapor and oxygen, the percentage error of nitrogen drops 
to only 12% at 300,000 timestep; and by 350,000 timesteps it reaches less than 7% 
which is relatively higher. The reason may be due to the partial pressure of nitrogen is 
higher than the partial pressures of water vapor and oxygen, more computational 
timesteps are required to converge to a desirable error. Overall, by 350,000 timesteps, 
the fluctuation of average partial pressure of each gas is within 1Pa, which is acceptable. 
Therefore it is safe to conclude that 350,000 computational timesteps for conducting the 
multicomponent LB simulation is adequate to generate accurate results; and more 
computational timesteps will not reduce the error further more. 
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Figure 6.5 Convergence of SPMC Lattice Boltzmann simulations 
 
6.4. Results and Validation 
 
 
6.4.1. Boundary Conditions 
The simulations were implemented at a fixed current density aof 0.5 A/cm2. Table 6.1 
gives the physical properties of the PEM fuel cell component layers and the operating 
conditions used in calculating the boundary conditions for the LB model. 
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Properties Values 
Physical Properties of thermodynamic   Operating Conditions  
 
  
 
Cell temperature, °C 
 
70.00  
Cathode gas composition  21%/79% ~ O2/N2 
Cathode pressure, bar 1.00  
Cathode dry gas flow rate, slpm 0.9 
Anode gas composition  100% ~ H2 
Anode pressure, bar 1.50  
Anode dry gas flow rate, slpm 0.2 
Physical Properties of Fuel Cell Component Layers 
    
 
Cell area, cm2 
 
5.00  
PEM thickness, μm 25.40  
PEM equivalent weight, g/cm3 1100.00  
PEM dry density, g/cm3 2.00  
GDL thickness, μm 252.3  
GDL porosity 84 % 
GDL tortuosity 1.14  
 
Table 6.1 Physical Properties of PEM fuel cell component layers and thermodynamic operating 
conditions 
 
There are four simulation cases generated by the 1D GTE fuel cell model in terms of 
humidification of the gases at anode and cathode inlets. They are (1) both anode and 
cathode are supplied with dry gases, ADCD; (2) both anode and cathode are humidified, 
AWCW; (3) Anode gases are humidified while keeps cathode gases dry, AWCD; and (4), 
Anode gases keeps dry and cathode gases are humidified, ADCW. The four cases are 
summarized in Table 6.2. 
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  RH at Anode RH at Cathode 
ADCD 0%, 70°C 0%, 70°C 
AWCW 100% , 70°C 100% , 70°C 
AWCD 100% , 70°C 0%, 70°C 
ADCW 0%, 70°C 100% , 70°C 
 
Table 6.2 Simulation cases for boundary conditions and cross-validation 
 
For these four simulations cases, the boundary conditions of partial pressure and flow 
rate at cathode GDL/channel interface B1 and GDL/catalyst layer interface B2 are 
predicted by the 1D GTE fuel cell model and are shown in Figure 6.6 and Figure 6.7, 
respectively. As can be seen in Figure 6.6, the partial pressure of water vapor at B1 
increases dramatically when cathode gases are humidified as in cases AWCW and ADCW, 
compared to when the cathode is supplied with dry gases as in cases ADCD and ACCD. This 
effect accordingly decreases the nitrogen partial pressure by 31.7% at AWDW and 28.5% 
at ADCW, compared to ACCD case.  
 
 
Figure 6.6 Simulated boundary condition of partial pressure at cathode GDL/channel interface 
B1 for the LB model by 1D fuel cell model 
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In Figure 6.7 it can be seen that when dry gases are supplied to the cathode as in ADCD 
and AWCD cases, the water flows in the direction from the cathode GDL/catalyst layer 
towards gas channel. This happens in the cases of either anode is supplied with dry 
gases or supplied with humidified gases. The reason is that the water at the catalyst 
layer/GDL interface is not enough to hydrate the cathode side membrane to let the gases 
to transport against the electro-osmotic drag; hence the water vapor travels back to the 
channel. When both gases at anode and cathode are humidified as in AWCW case, 
however, the water vapor still moves out of cathode GDL towards the channel. This is 
again because of the strong electro-osmotic drag which domains the transport of water, 
and forces the water out of GDL towards the gas channel side. If only cathode is supplied 
with humidified gases as in ADCW, the diffusive water flux domains which enables water 
vapor transports through the cathode GDL.  
 
 
Figure 6.7 Simulated boundary condition of flow rate at GDL/catalyst layer interface B2 for the 
LB model by 1D fuel cell model 
 
6.4.2. Prediction on 1D Partial Pressure Profile of Multi-species 
Figure 6.8 ~ Figure 6.11 present the comparison of simulated one-dimensional partial 
pressure profiles of water vapor, oxygen and nitrogen across the thickness of the GDL by 
the LB model and 1D PEM fuel cell model under the above four simulation cases. The x 
axis represents the non-dimensional thickness of the GDL where 0.0 represents the 
position at channel/GDL interface B1 and 1.0 is the position at GDL/catalyst layer 
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interface B2. Overall, the 1D pressure profile of all the species predicted by the LB model 
show good agreement with that calculated by the 1D PEM fuel cell model. The results 
obtained from the LB model show non-linearity compared to that of the 1D model.  
For the ADCD condition shown in Figure 6.8, the water vapor pressure has an increasing 
gradient from B1 channel/GDL interface towards B2 GDL/catalyst layer interface which 
is opposite to the water flux direction. The predicted total increasing of pressure by the 
LB model is 1.61 kPa and the 1D GTE fuel cell model shows a result of 0.81 KPa. Due to 
the oxygen reduction reaction at catalyst layer, the pressure of oxygen at B1 interface is 
higher than the pressure at B2 interface. The pressure drop from B1 to B2 predicted by 
LB model and GTE model are 1.06 KPa and 0.71 kPa, respectively. Nitrogen pressure 
decreases from B1 interface towards B2 in value of 1.31 kPa by LB model and by GTE 
model the value is 0.1 kPa.  
In addition, a noticeable small water pressure drop near interface B1 can be observed in 
Figure 6.8(a). It is known that the porous carbon paper has heterogeneous structure 
with randomly distributed pores, and the local structural feature varies from sample to 
sample. Therefore for this pressure drop, the reason might be because the selected GDL 
sample has special local feature close to the GDL surface near the channel side. The 
existence of large open pores enable the water flow transport through this preferential 
path hence causes the pressure drop. Similarly, the pressure appearance of oxygen and 
nitrogen near the channel side in other figures can be explained. Oxygen and nitrogen 
flow can transport easily through these large void space hence the gradient of the 
pressure near B1 interface is close to that of the 1D fuel cell model predicted. 
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(a) water 
 
(b) Oxygen 
Non-dimensional thickness of the GDL 
Non-dimensional thickness of the GDL 
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(c) Nitrogen 
Figure 6.8 Comparison of LB model and 1D GTE fuel cell model predictions of gas partial 
pressure profile along the GDL flow direction at ADCD condition; (a) water; (b) oxygen; (c) 
nitrogen 
 
When both anode and cathode are supplied with humid gases as in AWCW case, the water 
flows from GDL/catalyst layer interface B2 towards the channel which causes water 
pressure higher at GDL/catalyst layer interface B2, as shown Figure in 6.9(a). The 
pressure increasing is 1.22 kPa as predicted by LB model and by 1D GTE model the 
value is 0.87 kPa. Both oxygen and nitrogen pressure decreases towards B2 interface by 
0.96 kPa and 0.83 kPa, respectively. 
Non-dimensional thickness of the GDL 
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(a) water 
 
(b) Oxygen 
Non-dimensional thickness of the GDL 
Non-dimensional thickness of the GDL 
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(c) Nitrogen 
Figure 6.9 Comparison of LB model and 1D GTE fuel cell model predictions of gas partial 
pressure profile along the GDL flow direction at AWCW condition; (a) water; (b) oxygen; (c) 
nitrogen 
 
Figure 6.10 shows the results of simulation condition when anode is supplied with wet 
gases and cathode with dry gases as in case AWCD. Since the water travels from catalyst 
layer side of the GDL towards the channel side, this results in water pressure increasing 
from the channel/GDL interface B1 towards the GDL/catalyst layer interface B2. The LB 
method prediction of pressure rise is 5.10 kPa from B1 and B2, and GTE model suggests 
a result of 2.50 kPa. Due to the consumption of oxygen at cathode catalyst layer, the 
pressure drop across the GDL from channel side to the catalyst side predicted by LB 
model and GTE mode are 1.97 kPa and 1.06 kPa, respectively. Also nitrogen pressure 
decreases by 5.29 kPa according to the LB model and 1.48 kPa according to the 1D GTE 
model. 
 
Non-dimensional thickness of the GDL 
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(a) water 
 
(b) Oxygen 
Non-dimensional thickness of the GDL 
Non-dimensional thickness of the GDL 
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(c) Nitrogen 
Figure 6.10 Comparison of LB model and 1D GTE fuel cell model predictions of gas partial 
pressure profile along the GDL flow direction at AWCD condition; (a) water; (b) oxygen; (c) 
nitrogen 
 
Figure 6.11 shows the results when humidified gases are supplied to cathode and anode 
is supplied with dry gases as in ADCW condition. In this case, the water flows through 
cathode GDL towards GDL/catalyst layer interface B2; therefore the water pressure 
increases in the reverse direction from GDL/catalyst layer interface B2 towards channel 
side. The pressure rise predicted by the LB model is 0.74 kPa, which agrees well with the 
value calculated by GTE mode of 0.61 kPa. Since oxygen travels through the cathode GDL 
to the catalyst layer, the predicted pressure drop LB method and 1D GTE model are 0.47 
kPa and 0.37 kPa, respectively. Nitrogen partial pressure rises towards the GDL/catalyst 
interface B2 is due to the decreasing of both water vapor and oxygen partial pressure 
towards the B2 interface. The LB model calculated rise is 1.32 kPa and by GTE model is 
0.99 kPa. 
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(a) water 
 
(b) Oxygen 
Non-dimensional thickness of the GDL 
Non-dimensional thickness of the GDL 
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(c) Nitrogen 
Figure 6.11 Comparison of LB model and 1D GTE fuel cell model predictions of gas partial 
pressure profile along the GDL flow direction at ADCW condition; (a) water; (b) oxygen; (c) 
nitrogen 
 
Results presented in Figure 6.8~6.11 show that the multicomponent LB model is able to 
correctly predict the partial pressure of three different gases across the GDL thickness 
under four boundary conditions, by comparison with the same results obtained from 
previously validated GTE based 1D PEM fuel cell Model. Since the LB model calculates 
the results through collisions between parties in a real porous geometry reconstructed 
by the x-ray tomography, on one hand the results indicate the heterogeneous properties 
of the porous structure of the carbon paper GDL; and on the other hand it reveals that 
the actual species distribution through the GDL will subject to the actual structural 
properties of the material. In summary, the percentage pressure differences of average 
partial pressure of each species by the LB method and the GTE model for the four 
simulation conditions can be calculated using Equation [6.16], and are summarized in 
Table 6.3. It can be seen that the maximum percentage difference between the two 
models is only 2.4% and the lowest one is 0.1% according to the total pressure in the 
GDL. This indicates the capability of the SPMC LB model of accurately predicting the 
partial pressure of the multispecies. 
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  ADCD AWCW AWCD ADCW 
Water -0.6% -0.3% -1.8% 0.1% 
Oxygen 0.3% 0.3% 0.7% 0.1% 
Nitrogen 0.7% 0.4% 2.4% -0.3% 
 
Table 6.3 Percentage difference on partial pressure for water, oxygen and nitrogen between LB 
model and GTE model 
 
6.4.3. Three-dimensional Visualizations 
Figure 6.12 (a)~(d) illustrate the three-dimensional visualization of predicted water 
vapor partial pressure distribution through the reconstructed 3D carbon paper GDL 
structure under four simulation conditions. The left ends of the 3D images represent the 
channel/GDL side and the right ends of the images represent the GDL/catalyst layer side. 
The color bar shows the range of pressure values where pressure value increases 
towards lighter color range and decreases towards darker color range. Again the results 
show the same trends as shown in Figure 6.11 all (a) figures. It can be seen that the 
water partial pressure within the GDL is not uniformly distributed along its gradient, 
which indicates the heterogeneous interior of the porous GDL structure. 
 
  
(a) ADCD (b) AWDW 
Pressure, kPa Pressure, kPa 
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(c) AWCD (d) ADCW 
Figure 6.12 3D visualization of water pressure distribution in the carbon paper GDL volume in 
size of 78.3 m x 78.3 m x 252.3 m simulated by SPMC LB model, (a) ADCD; (b) AWCW; (c) AWCD 
(d) ADCW 
 
6.5. Conclusions 
A SPMC LB simulation on multi-species partial pressure distribution through a carbon 
paper GDL structure is carried out at four boundary conditions. The results have been 
validated by the general transport equation based 1D numerical PEM fuel cell model. 
The conclusions are that: 
<1>.The SPMC LB model has been presented to simulate the multicomponent 
transportation through the  3D digital image of the carbon paper GDL, which is 
reconstructed by the x-ray microtomography technique. The reconstructed carbon 
paper image for the simulation is in size of 78.3 x 78.3 x 252.3  m3. 
<2>. The boundary conditions at cathode GDL/channel and cathode GDL/catalyst layer 
are specified by a previously validated GTE based 1D PEM fuel cell model. The boundary 
conditions are calculated at 0.5 A/cm2 current density with four different gas 
supplement conditions in terms of gas humidification level, which are (1) both anode 
and cathode are supplied with dry gases, ADCD; (2) both anode and cathode are supplied 
with humidified gases, AWCW; (3) anode gases are humidified and cathode are supplied 
Pressure, kPa Pressure, kPa 
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with dry gases, AWCD and (4) anode and cathode are supplied with dry gases and 
humidified gases, respectively, ADCW.  
<3>. The convergence estimation is carried out to judge the computational timestep 
range to ensure that the accurate results can be obtained within the reasonable timestep. 
The results show that by 350,000 timesteps, the percentage error of both water vapor 
and oxygen reduce to lower than 3% and that of nitrogen is below 7%. The fluctuation of 
the pressures is around 1Pa. This results indicates that 350,000 timesteps is sufficient 
for the LB simulation with a GDL structure volume of 78.3 x 78.3 x 252.3  m3 which 
equivalences to about 120 hours simulation time. 
<4>. The results of the partial pressure of water vapor, oxygen and nitrogen are 
predicted by the LB model and validated by comparing the results with that of the 1D 
GTE model. The results show good agreement. At ADCD, AWCW and AWCD conditions, the 
water partial pressure shows decreasing from catalyst side of GDL down to the channel 
side of the GDL, while at ADCW condition the pressure gradient decreases from channel 
side to catalyst layer side of the GDL. The non-linearity of the pressure profiles of all the 
gases predicted by the LB model indicates the heterogeneity of the porous GDL structure, 
since the LB simulation is performed by tracking the collisions between particles and 
with the walls.  
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CHAPTER 7.  Simulation Studies on Carbon Cloth 
Gas Diffusion Layer 
 
 
 
7.1. Introduction 
The GDL plays an important role as a bridge in between the gas channel and the catalyst 
layer. It is usually made of carbon fiber paper or woven carbon cloth. Many 
literatures213,214,215 have demonstrated their works on carbon paper GDLs by using LBM; 
however, few has been reported on carbon cloth. Park and Li216 studied the carbon cloth 
GDL using LBM. By modeling the GDL as a void space and porous region, they 
investigated the fiber tow orientation influence on the effective permeability. In the 
work of Pharoal et al85, the through-plane and in-plane permeabilities are calculated 
using the LBM. They reported that the anisotropic geometry caused by the fiber 
alignment has important influence on the permeability. 
Previously, the studies on a carbon paper GDL are carried out by combine the single 
phase LB model with the x-ray tomography technique to investigate the microscopic 
properties of the material. In this study, the same technique continuously contributes 
the simulation work on a woven carbon cloth GDL. The SPSC LB model is used to 
simulate the permeability in through-plane direction as well as two in-plane directions. 
The through-plane direction is the main flow direction along which the gas is supplied. 
X-ray tomography technique processes the carbon cloth structure and reconstructed it 
into a readable 3D digital structure for the LB model. The results report the degree of 
anisotropy which is validated by the values obtained from the experiments. 
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7.2. Methodology 
The single phase LB model has been proved to be able to generate reliable results by 
tracking particles distribution in the lattice structure. The LB model with D3Q19 scheme 
is presented to simulate the gas phase flow through a carbon cloth. The LB method 
basically deals with particle movements and the distribution function describes the 
particle distribution after the collisions. The key equation of LB method are as shown in 
Equation [3.6] ~ [3.11] in Chapter 3. In the LB mode, a pressure gradient is imposed to 
the two side of the structure to drive the flow along the through-plane direction, which 
is the main direction. The boundary condition at solid/void interface is treated as 
non-slip boundary where the velocity of gas is restrained to zero. The bounce-back 
method is used to solve this solid/void boundary by assuming that particles that collide 
with a solid wall will simply bounced back to where it comes. The detailed equations of 
LB model can be found in previous chapter. 
In order to feed the LB model with an acceptable structure, the x-ray tomography is used 
to reconstruct a three-dimensional digital binary image of the carbon cloth structure. 
The standard process of generating the image involves: (a) 2D shadow image acquisition; 
(b) image processing by thresholding and (c) three-dimensional reconstruction. The 
equipment of the x-ray tomography system as well as the imaging methodology was 
introduced previously in Chapter 4. The average fiber diameter of the carbon cloth 
employed in this study is 7.8  m by measuring from the SEM reference image and value 
from the same surface of the reconstructed 3D digital image is 8  m. So the error in the 
average fiber diameter of the image tuned by the thresholding is 2.6%.  
Due to the large size of the carbon cloth sample, it is difficult to implement the 
simulation by LB method which is limited by the computational resource; the 
reconstructed image is therefore split into 21 regions. The resolution is 1.74  m which is 
determined by the object diameter and the camera pixel size of the x-ray tomography 
system. The size of each region is 442 x 442 x 223  m3 corresponding to x, y, and z 
direction, respectively; therefore the size of the overall 3D image is 1326 x 442 x 
1561  m3. The porosity of this carbon cloth is found more than 80%. The overall 3D 
image of the interested carbon cloth is illustrated in Figure 7.1.  
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Figure 7.1 The 3D image of a 1326(x) x 442(y) x 1561(z)  m3 carbon cloth GDL with 21 divided 
regions in equal size of 442(x) x 442(y) x 223(z)  m3. 
 
7.3. Simulated Permeability 
 
 
7.3.1. Results and Validation 
Despite the gas flows in the main direction along which the pressure gradient is applied, 
gas can also flow in the in-plane direction. The permeability of a GDL can be calculated 
from Darcy’s law
)/( LP
q
k



. By applying a pressure gradient to the structure in 
different direction, the three components of the permeability tensor in each direction 
can be calculated. For example, when the pressure is imposed in the x direction, the 
three components of the permeability tensor are: )/( x
x
xx LP
q
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. The permeability tensors in the other two directions can be obtained 
similarly and were introduced in section 5.3.1. 
The experimental value for the permeability is carried out with a Texas Instrument FX 
3300 at room temperature using a sample carbon cloth taken from the same batch 
which is used for the x-ray tomography imaging. The carbon cloth does not contain a 
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MPL. The measured through-plane volumetric flow rate is applied to the permeability 
calculation equation above to obtain the corresponding permeability tensor. 
Table 7.1 shows the average calculated permeability of through-plane y direction as well 
as in–plane x- and z-directions of the whole carbon cloth GDL. Overall, the calculated 
average permeability for the through-plane direction is 2.35 x 10-5 mm2, while the 
in-plane average permeabilities of the x- direction and the z-direction are 5.3 x 10-6 mm2 
and 6.5 x 10-6 mm2, respectively. Both two in-plane permeabilities are one order of 
magnitude smaller than that for the through-plane.  
 
  k, mm2 
Through-plane y direction 2.35 x 10-5 
In-plane x direction 0.53 x 10-5 
In-plane z direction 0.65 x 10-5 
 
Table 7.1 Average permeability of through-plane and in-plane of the whole GDL sample. 
 
Figure 7.2 illustrated simulated absolute permeabilities of total 21 regions of the carbon 
cloth GDL in main through-plane y direction and in-plane x- and z- directions. The 
pressure gradient is along the through-plane y direction. The calculated average 
through-plane permeability is 2.35 x 10-5 mm2 and the standard deviation of the 
through-plane permeability is 1.21 x 10-5 mm2. It can be seen that among all 21 regions, 
region 12 exhibits the highest through-plane permeability of 5.64 x 10-5 mm2. In 
comparison, region 8 has the lowest through-plane permeability of 0.82 x 10-5 mm2. For 
in-plane x-direction, region 12 still shows the highest in-plane permeability of 1.33 x 
10-5 mm2. The lowest in-plane permeability in x-direction is found in region 7 with the 
value of 0.15 x 10-5 mm2. The mean value of the in-plane permeability in the x-direction 
is 5.3 x 10-6 mm2 and the standard deviation is 0.40 x 10-6 mm2. Region 12 and region 7 
have also been found having the highest and lowest in-plane permeabilities in the 
z-direction, and the values are 1.77 x 10-6 mm2 and 0.20 x 10-6 mm2, respectively. The 
standard deviation of in-plane permeability in the z-direction is 0.32 x 10-6 mm2 and the 
mean value is 0.65 x 10-6 mm2. It is observed that even though these 21 individual 
regions are divided from the same one carbon cloth GDL, the calculated absolute 
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permeability in all three directions for all 21 regions shows variations which indicates 
the heterogeneous feature of the porous carbon cloth GDL structure. 
 
 
(a) through-plane y direction 
 
(b) in-plane x direction 
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(c) in-plane z direction 
Figure 7.2 Calculated absolute permeability of total 21 regions of the carbon cloth GDL by LB 
mode of (a) through-plane y direction; (b) in-plane x direction and (c) in-plane z direction 
 
In order to understand the variations on permeability of all 21 regions in terms of 
structural characteristics, the three-dimensional structures of three representative 
regions are inspected and shown in Figure 7.3. The three regions are shown in rotated 
3D view for clearer structural inspections. Region 12 is chosen since it has the highest 
permeability in through-plane direction and two in-plane directions of all 21 regions. 
Region 8 shows the lowest through-plane permeability. Region 7 has the lowest in-plane 
permeability in both x-/z-directions. It can be seen that there are large void spaces 
existing in region 12 since region 12 located at a place where two fiber tissue cross each 
other, as illustrated in Figure 7.1. This structure provides large pore volume for the gas 
flow transport through which results in higher absolute permeability. In comparison 
with region 12, region 7 and region 8 are next to each other and the fibers are tightly 
overlap one another in regular weave form. This kind of structure results in less void 
space for gas transport through, hence lower absolute permeability. Other regions of the 
cloth with relative higher or lower permeabilities can be explain similarly, where tightly 
arranged fibers such as two intersection fiber bundles can result in a lower permeability 
while loosely assembled structures posses large void spaces hence exhibiting higher 
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permeability. Therefore, it can be understood that the porosity has an important 
influence on the permeability. 
 
 
  
(a) Region 12 (b) Region 8 (c) Region 7 
Figure 7.3 3D image structure of (a) region 12; (b) region 8; (c); region 7 
 
 
7.3.2. Permeability and Porosity Relationship 
Figure 7.4 shows the permeability in through-plane y-direction and in-plane x- and 
z-directions in relation to the porosity of the total 21 regions of the carbon cloth. The 
three best fit lines corresponding to these three sets of data points are shown in the 
same figure. It can be seen that the porosity of all 21 regions are higher than 90% with 
values ranging from 91% to 95.5%. For permeability in through-plane y direction, its 
best fit line shows a rise from the lowest value of 0.8 x 10-5 mm2 to 4.0 x 10-5 mm2 with 
increasing the porosity from 91% to 95.5%. The best fit lines for in-plane permeabilities 
of x-direction and z-direction both increase from 0.2 x 10-6 mm2 to around 1.0 x 10-6 mm2 
within the porosity range. The results therefore show that for the carbon cloth employed 
in this study, a 5% increasing of local porosity due to the local fiber bundle structures 
can result in the permeability increasing around five times for both through-plane and 
two in-plane cases.  
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Figure 7.4 Permeability against porosity 
 
7.4. Degree of Anisotropy  
The degree of anisotropy is defined by comparing the in-plane permeability to the 
through-plane permeability: 
ii
ij
ij k
k

   [7.1] 
where i denotes the main through-plane y direction, and j denotes the in-plane x or z 
direction.  
The degree of anisotropic is a factor which shows the influence on the quantity of the 
gases transporting through the gas diffusion layer following the main through-plane 
direction. Therefore it can be an important factor for in the selection of porous materials 
for fuel cell development and application such as for inter-digitated flow channel. The 
degree of anisotropy in the in-plane x- and z- directions are calculated and compared 
with the experimental results. 
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Figure 7.5 shows the calculated degree of anisotropy in the in-plane x- and z- directions 
for all 21 regions using the data reported in Figure 7.2. The calculated values and the 
average value are compared with the experimental measurements. The results show 
that the average degree of anisotropic of in-plane x direction to through-plane y 
direction is 0.22 and that of in-plane z direction to y direction is 0.27. The experimental 
measured degree of anisotropy value is 0.19. The results show good agreement between 
calculated and measure anisotropic permeability for the carbon cloth.  
In order to have a deeper understanding of the obtained results, it is necessary to look at 
the fiber structure of the material again in Figure 7.1. For regions where have higher 
degree of anisotropy exceeding 0.35 such as region 6 and region 11 in Figure 7.5(b), 
they all locate at four bundles intersecting area with large void spaces in between. This 
type of structure layout will make the flow transport through preferential direction. So 
when the flow transports through region 6 and region 11 in the through-plane y 
direction, this structure layout will make one portion of the air transporting along the 
main flow y direction while makes the other portion of air flowing towards preferential 
direction into region 1 and region 8, respectively. Therefore it explains that the degree 
of anisotropy for region 6 and region 11 in the z-direction is higher compared to that in 
the x-direction. 
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(b) in z-direction 
Figure 7.5 Calculated degree of anisotropy in the (a) in-plane x direction; (b) in-plane z direction 
 
 
7.5. Prediction of Permeability 
The permeability k of a porous media usually can be expressed related to its porosity. 
The semi-empirical formula of Carman-Kozeny (KC) has been reported by literature82 
and shows the ability of predicting the through-plane permeability of a porous material. 
The KC equation is defined by: 
2
3
2 )1(4 



KCKr
k
   [7.2]
 
where r  is the average fiber radius,   is the material porosity. KCK  is the KC 
constant and it is a tuning parameter which relies on the type of material and the fiber 
layout. Besides the Carman-Kozeny equation, the Tomadakis-Sotirchos (TS) equation 
developed by Tomadakis and Sotirchos217 has bcomprehensively demonstrated the 
relationship between the absolute permeability and the porosity86. The TS model can be 
expressed by: 
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where p  is the percolation threshold and   is a constant. The two parameters 
depend on fiber arrangement as well as the flow direction. By using the through-plane 
permeability results obtained in Figure 7.4 and the average fiber radius, the simulated 
data from LB model can be fitted by the KC model and TS model by tuning their 
corresponding parametric coefficients. Therefore both the KC constant in KC model and 
p  and   in TS model need to be tuned in order to minimize the average error 
relative to the absolute permeability of the 21 regions as low as possible, 
By using the porosity data of each of all 21 regions presented previously, the prediction 
on permeability by LB mode, KC model and TS model are compared and shown in Figure 
7.6. The KC constant in the KC equation is tuned to a value of 44 which gives an average 
error of 13.4%. The KC constant is an adjustable parameter which highly depends on the 
material fiber alignment and arrangement. In the work of Gostick et al86, they estimated 
the KC constant for different GDL material. In their analysis on the carbon cloth of E-Tek 
Cloth-A with measured porosity of 78%, a tuned KC constant of 1.45 was obtained which 
is 30 times lower than the KC constant tuned for the carbon cloth employed in this study. 
However, by the same author, for another analyzed porous GDL material Ballard P75 
which has a measured porosity of 85%, the KC constant is estimated to be 43.5. This 
result is highly close to the value of 44 tuned for the carbon cloth used in this study. Also, 
the literature218 reported that the KC constant can be higher for materials with porosity 
larger than 80%, which supports the case on the carbon cloth in this study. 
For TS mode, the percolation threshold p   and   are tuned to be 0.60 and 1.21, 
respectively, and this gives an average error of 12.1%. In the work of Tomadakis et al87, 
219 they investigated the TS estimation for randomly overlapped fibres, the percolation 
threshold range of 0.037 ~ 0.33 was reported, and the   range falls between values of 
0.521 to 1.099. In addition, in another work from the same author220, they suggested 
that for partially overlapping fiber layout, the threshold percolation value is more close 
to value of 0.33. Since the carbon cloth has woven structure with regular overlapping 
fibres, it can be understood that the percolation threshold may increase accordingly. 
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Besides, the author also suggested that the relationship between percolation threshold 
and   for fully overlapped fibres structure can be estimated by:  
35.028.2  p     [7.4] 
If applying the percolation threshold value of 0.6 to Equation 7.4, it gives the value of   
of 1.718. The tuned   value of 1.21 in this study falls within this region which 
confirms the results. 
 
 
Figure 7.6 Through-plane permeability prediction on porosity by the LB model, the 
Carman-Kozeny (KC) model, and the Tomadakis-Sotirchos (TS) model. 
 
 
7.6. Conclusions 
In this study the prediction on permeability and degree of anisotropic permeability of a 
carbon cloth GDL has been simulated by the LB model. The x-ray microtomography 
imaging technique has been employed to reconstruct the three-dimensional digital 
image of the carbon cloth. The simulation results conclude that: 
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<1>. A carbon cloth GDL is studied. The x-ray tomography technique is used to 
reconstruct the sample into three-dimensional digital image with resolution of 1.74  m. 
The image is split into 21 regions with each region having a size of 442 x 442 x 223  m3.  
<2>. The absolute permeabilities for through-plane and in–plane directions of the 
carbon cloth have been simulated by the SPMC LB model. The results show that the 
mean through-plane absolute permeability is 2.35 x 10-5 mm2 and the absolute 
permeabilities for in-plane x direction and z direction are 0.53 x 10-5 mm2 and 0.65 x 10-5 
mm2, respectively. The structural inspection explains that the regular overlapping fiber 
layout with tight arrangement results in lower permeability; while in the area of 
intersection fiber bundle exists large void space which enables the gas transport easily 
hence results in higher permeability. 
<3>. The degree of anisotropic is obtained by comparing the in-plane permeability to the 
through-plane permeability. The results show that the degree of anisotropy for in-plane 
x direction to through-plane y direction is 0.22 and for in-plane z direction to y direction 
is 0.27. These results agree well with the experimental measured value of 0.19. By 
inspecting the fiber structure of the material, it has been found that the degree of 
anisotropy is influenced by the fiber intersection layout as well as the resulted void 
space. 
<4>. The Carman-Kozeny (KC) equation and the Tomadakis-Sotirchos (TS) equation are 
employed which have successful described the dependence of through-plane 
permeability to the porosity predicted by the LB mode. Within the porosity range of 91% 
to 95.5%, tuning the KC constant to a value of 44 gives an average error of 13.4 for the 
KC model; while the TS model reported an average error of 12.1% by tuning the 
percolation threshold p  and   values to 0.6 and 1.21, respectively. 
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CHAPTER 8.  Numerical Studies on Compressed 
Carbon Cloth Gas Diffusion Layer 
 
 
 
8.1. Introduction 
The GDL of a PEMFC is a critical component as it ensures the connection between the 
gas channel and the catalyst layer. In a fuel cell system, all the components are bonded 
together under compression load to reduce the leakage problem; however, 
over-compression will result in heavy deformation of the GDL structure. The literatures 
have contributed many works on compression issue in fuel cell. On experimental side, 
Lee et al221 studied the compression effects on PEM fuel cell performance for three 
different GDL materials of carbon cloth and carbon paper. The internal pressure was 
measured at various bolt torques. The results showed that the internal pressure 
increases with GDL thickness at a given torque. In addition, the internal pressure can 
also be affected by thickness between the gasket and the GDL. Ge et al 222  also 
investigated the compression effects on PEM fuel cell performance for both carbon cloth 
and carbon paper. The experimental results revealed that for both carbon cloth and 
carbon paper, the compressions has a significant influence on PEM fuel cell performance. 
They observed that the compression effect is greater at high current density range. They 
suggested that an appropriate level of compression needs to be controlled in order to 
reach the optimum PEM fuel cell performance without over-compressing which 
otherwise decreases the cell performance. Similar experimental results were reported 
by Lin et al223. Nitta et al224 presented an experimental work which considered the 
inhomogeneous compressions effect on the physical properties of the carbon paper GDL. 
They found that the GDL thickness changes dramatically under the ribs due to loss of 
porosity; however the GDL under the channel almost remains the original thickness and 
132 
 
is only slightly compressed at high compression pressure. The experimental results 
reported that the in-plane permeability decreases with decreasing of compressed GDL 
thickness. Also they reported the linear dependency of bulk conductivity of both 
through-plane and in-plane to the compressed thickness. On numerical side, Hottinen et 
al225 carried out the numerical study on modeling the inhomogeneous compression 
effects on the PEM fuel cell performance. They also reported the significant current 
distribution variation on the GDL and electrode interface due to the inhomogeneous 
compression. A noticeable portion of current transport through the GDL in the in-plane 
direction under the rib was observed where lower contact resistance exists. Similarly, Su 
et al226 simulated the compression effect on gas transport phenomena through the rib 
and under channel area with supplying the physical properties of the GDL from the 
experiments. Their results concluded that the compression needs to be controlled 
precisely since a significant current density variation exists near the corner of the rib 
where hot spot might occur. Other works were reported by Shi et al227 on compression 
effects on water management in PEM fuel cell and by Hottinen and Himanen228 on 
temperature distribution due to inhomogeneous compression in PEM fuel cell.  
The literature reports on compression on GDLs are not exhaustive. These literatures 
results provide valuable insights into the effect of compression on the cell performance 
through experimental visualization or macroscopic numerical simulation. However the 
relationship between the compressed structure of the GDL, its transport property and 
the flow transport characteristics within the structure are less reported due to the 
complex porous structure involved, since it is difficult to carry on direct measurement 
and three-dimensional numerical simulation from micron-scale point of view.  
Previous studies on the GDL carbon paper and carbon cloth have demonstrated the 
capability of using the three-dimensional single phase LB model to simulate the single 
component and multicomponent transport within the reconstructed 3D digital GDL 
structure which is generated by the x-ray tomography technique. In this chapter, the 
compression effect on structural deformation, physical parameters of the carbon cloth 
GDL and the multicomponent flow transportation characteristics are studied using the 
same combined technique. The carbon cloth GDL samples are compressed at different 
levels up to 100 MPa. The x-ray tomography technique is used to reconstruct the 
three-dimensional digital structures of the samples. The pore size distribution and the 
porosity of the compressed samples are acquired using the standard computational 
133 
 
techniques 229 . The through-plane permeability, degree of anisotropy and the 
through-plane tortuosity are calculated by the LB model.  
 
8.2. Methodology  
 
 
8.2.1. Sample preparation  
The carbon cloth or carbon paper GDLs can be reconstructed by x-ray tomography 
without special treatment. In this study, in order to present the compressed carbon cloth 
structure, it is necessary to pre-treat the material before starting the imaging process. 
Firstly, the carbon cloth GDL is immersed and saturated with polydimethylsiloxane 
(PDMS). PDMS is a silicon-based organic polymer which is transparent clear. Depending 
on the time and temperature, it can cure to form an elastomer which is chemically and 
mechanically flexible and stable230. Then the GDL saturated with PDMS is compressed at 
a given load in an oven at 333K for 30 mins. Thin aluminum sheets are used to cover 
both sides of the sample before they are compressed to enable the whole sample can be 
removed easily after curing. The pre-selected load is applied to ensure the uniform 
compression pressure on the GDL. Seven carbon cloth GDLs are compressed with 
compression pressure of 0.1MPa, 0.3MPa, 1.0MPa, 3.3MPa, 10.0MPa, 20.0 MPa and 
100MPa, and are reconstructed into three-dimensional digital images. Figure 8.1 shows 
a PMDS cured sample after compression. The sample is in size of 1 x 1 cm2.  
 
 
Figure 8.1 A compressed 1 x 1 cm2 carbon cloth GDL encapsulated in PDMS 
134 
 
8.2.2. Three-dimensional reconstruction 
The 3D digital model of the carbon cloth can be imaged by the x-ray microtomography 
as reported in previous studies. It follows the procedure of (1) 2D shadow image 
acquisition; (2) thresholding process and (3) three-dimensional digital reconstruction. 
In this study, the z-direction is set as the through-plane direction, and x- and y- 
directions are the two in-plane direction. The resolution of the images is 1.73  m. Since 
the samples were cured by PDMS, after reconstructing the compressed samples it is 
necessary to remove a number of layers on the x-y plane to ensure that there is no 
excess PDMS and residual protective materials left on the samples. Due to this reason, 
the thickness of each sample, which is the size in z-direction, can be various from sample 
to sample. Therefore the size in z-direction of each sample may not represent the actual 
thickness after the compression. Table 8.1 lists the actual image sizes of the samples 
upon the compression pressures as well as the porosity of each sample. 
 
 
    Compression Pressure, MPa     
Image size, μm 0.0  0.1  0.3  1.0  3.3  10.0  20.0  100.0  
z direction 372.6  174.0  242.6  173.3  272.1  173.3  138.6  150.7  
x direction 693.2  696.0  693.2  658.5  693.2  693.2  693.2  693.2 
y direction 519.9  5220  519.9  519.9  519.9  519.9  519.9  519.9  
         Porosity 78% 66% 64% 53% 62% 40% 48% 45% 
 
Table 8.1 Image sizes of 3D reconstructed carbon cloth GDL from x-ray microtomography 
 
 
 
 
8.2.3. Key Equations 
The single phase LB model has been employed in previous studies on characteristics of 
carbon paper and carbon cloth GDLs and shows the capability on single- and 
multi-component simulation. Basically the LB method is implemented by collision step 
and streaming step through which the particles collide with each other and redistribute 
to neighboring nodes. The D3Q19 scheme is used which allows the particles distribute in 
19 velocities. The bounce-back method is employed to solve the void-solid interface. The 
Key equations in LB simulation were explained in Chapter 3. The permeability of the 
carbon cloth can be obtained through the detailed gas velocity distribution in the porous 
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structure calculation by LB model. From macroscopic point of view, the absolute 
permeability can be calculated by Darcy’s law. By applying a pressure gradient along the 
thickness direction of the sample, the permeability tensors in through-plan and in-plane 
directions can be calculated. The anisotropic permeability is defined as the ratio of 
in-plane permeability over the through plane permeability.  
In order to investigate the compression effects on the carbon cloth structure, the 
tortuosity is defined as the ratio of the free diffusion coefficient of a gas in free space, D0, 
to its effective diffusion coefficient in the porous structure De: 
eD
D0
    [8.1]
 
D0 is related to the relaxation parameter D  by: 
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where is x  the characteristics length of a voxel in the three-dimensional digital model; 
D  is the relaxation parameter which indicates the rate of the particle distribution 
function reaching the equilibrium state and t  is the computational time step.  
De is calculated by: 
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    [8.3]
 
where N is the total number of pore voxels in the structure; c  is the concentration 
gradient applied across the thickness of the structure; L is the length along thickness 
direction where the concentration gradient is imposed. ixq ,  is the species flow towards 
x direction at node i in the 3D lattice and was given in Equation 6.14. 
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8.3. Simulation Results 
 
 
8.3.1. Compressions Effects on Structure and Pore Size Distribution 
Figure 8.2 illustrates the reconstructed structures of GDL samples with different levels 
of compression and their corresponding 2D cross section images. The size of each 3D 
image is shown in Table 8.1. It can be seen that the sample structural change by the 
exerted compressions is regular upon the compression. At low compression pressure up 
to 0.3 MPa, the overall structure becomes more compact. This initial structure change 
can be distinguished in Figure 8.2 by comparing the uncompressed structure (a-2) with 
structures shown in (b-2) and (c-2) which are compressed up to 0.1 MPa and 0.3 MPa, 
respectively. It can be observed that this causes eliminating of large and loose void space 
in the structure. When increasing the compression pressure towards the thickness 
direction up to 3.3 MPa, the fibers bundles are forced bounded tighter and spread 
towards x- and y- direction. This structural change can be observed from structures 
illustrated in Figure (d-1) and (e-1). It also can be found that the pore space keeps 
reducing as can be seen from the structures shown in Figure (d-2) and (e-2). For the 
structures with compression pressure of 10.0 MPa and 20.0 MPa, the weave pattern of 
the fiber bundles has been straightened along their length and invade into void space 
where intersecting bundles lies. This results in decreasing of the pore volumes in and 
around these areas as can be seen from figure (f-2) and (g-2). By applying high 
compression pressure of 100.0 MPa onto the structure, the void space among the 
intersecting bundles significantly decrease and the intersecting bundles can hardly be 
identified since void space within the intersecting bundles is forced filled by individual 
and the fiber bundle structures are deformed heavily. This is shown in (h-2). 
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(a-1) (a-2) 
(a) 0.0 MPa 
 
 
 
 
(b-1) (b-2) 
(b) 0.1 MPa 
 
 
 
 
(c-1) (c-2) 
(c) 0.3 MPa 
 
 
 
 
(d-1) (d-2) 
(d) 1.0 MPa 
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(e-1) (e-2) 
(e) 3.3 MPa 
 
 
 
 
(f-1) (f-2) 
(f) 10.0 MPa 
 
 
 
 
(g-1) (g-2) 
(g) 20.0 MPa 
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(h-1) (h-2) 
(h) 100.0 MPa 
Figure 8.2 Reconstructed structures (grey) and corresponding binary cross section image 
(black) of the compressed carbon cloth GDL under compression pressure of (a) 0.0 MPa; (b) 0.1 
MPa; (c) 0.3 MPa; (d) 1.0 MPa; (e) 3.3 MPa; (f) 10.0 MPa; (g) 20.0 MPa; (h) 100.0 MPa. The 
compression load is applied in the through-plane z-direction.  
 
 
 
Figure 8.3 (a)~(f) show the pore size distribution (PSD) data for uncompressed carbon 
cloth sample as well as the compressed samples at 0.1 MPa, 1.0 MPa, 10.0 MPa, 20 MPa 
and 100.0 MPa compression pressure. It is worth to note that the in order to guarantee 
the accurate results can be obtained when deciding the PSD data, all void spaces that are 
part of the binary image however outside the GDL structure are not considered since 
these void spaces are not part of the porous network, therefore their existence would 
give inaccurate results. It can be seen from Figure 8.3 that for uncompressed carbon 
cloth GDL structure, the pore size covers a wide range of 3~125 μm. For the GDL 
samples with 0.1 MPa and 1.0 MPa compression pressure, the range of the pore size 
becomes 3~97 μm and 3~70 μm, respectively. For the compression pressure higher 
than 10.0 MPa, the range of the pore size has been largely narrowed down to 3~31 μm 
at 100.0 MPa compression pressure case. Besides, it also can be observed that for all the 
PSD data shown in Figure 8.3, the pore sizes within the range of 10~14 μm has the 
largest population in the overall pore volume for both uncompressed GDL and 
compressed ones.  
x 
z 
y 
140 
 
 
(a) 0.0 MPa 
 
 
 
(b) 0.1 MPa 
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(c) 1.0 MPa 
 
 
 
(d) 10.0 MPa 
 
 
(e) 20.0 MPa 
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(f) 100.0 MPa 
Figure 8.3. Pore size distribution data of the carbon cloth GDL with compression pressure of: (a) 
0.0 MPa; (b) 0.1 MPa; (c) 1.0 MPa; (d) 10.0 MPa; and (e) 20.0 MPa and (f) 100.0 MPa. 
 
 
 
Figure 8.4 summarizes the mean pore size and the maximum pore size as functions of 
the GDL compression pressure and Figure 8.5 describes the contribution of the main 
pore size range of 10~14 μm to the overall pore volume as a function of the GDL 
compression pressure. The x-axis is the compression pressure on a logarithmic scale. 
The results shown in both of the two figures are based on the PSD data illustrated in 
Figure 8.3(b)~(f). Figure 8.4 shows that the mean pore size decreases from 33 μm at 0.1 
MPa compression pressure to 12 μm at 100.0 MPa compression pressure. Comparing 
with the average fiber diameter of 8 m of the carbon cloth GDL in this study, it indicates 
that at highest compression pressure of 100 MPa, the carbon cloth GDL remains an 
average pore space around 1.5 times of a single fiber diameter. The maximum pore size 
decreases dramatically from 97 μm to 31 μm. Figure 8.3 reports that the pore size within 
range of 10~14 μm contributes to the largest portion in the overall pore volume and this 
occurs in both uncompressed and compressed the structures. Figure 8.5 shows that this 
range of pore size constitutes 21% of the total pore volume at 0.1 MPa compression and 
increases to 61% at 10.0 MPa compression pressure. At 100.0 MPa, this range of pore 
size reaches 67%.  
According to previous discussion reported on structural change upon compression 
pressure, it can be seen that results shown in Figure 8.4 and Figure 8.5 agree with the 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
3 7 10 14 17 21 24 28 31 
P
er
ce
n
ta
ge
 o
f 
to
ta
l 
p
o
re
 v
o
lu
m
e 
Pore size,  m 
143 
 
structural deformation process with compression. As the GDL structure is compressed, 
the porous structure body is firstly compacted and this narrows large pore size. 
Therefore the maximum pore size decreases to 70 μm at 1.0 MPa and this 
simultaneously decreases the mean pore size down to 18 μm. Reversely, the portion of 
10~14 μm pore size band in the structure increases to 41%, since large pores are 
narrowed down to relative small pores. By increasing the compression pressure to 10.0 
MPa, the fiber bundles are compacted even tighter and stretched in the x and y direction. 
Figure 8.4 and 8.5 again confirm that upon this compression level the maximum pore 
size becomes 28 μm and 61% of the pore size falls within the range of 10~14 μm. At 
100.0 MPa compression pressure, there are 67% of the pore size within 10~14 μm and 
the maximum pore size and mean pore size are limited to 31 μm and 12 μm, respectively. 
The results again show that at 100.0 MPa the pore space in between the intersection 
fiber bundles has been invaded by individual fibers and the fiber bundles are deformed 
dramatically. At 20.0 MPa compress case, the largest pore size of 52 μm is observed 
which is out of the trend shown in Figure 8.4, but its main pore size is still within the 
range of 10 -14 μm. Therefore it is not surprising to know that a special pore volume 
characteristic exists in the actual porous 
 
 
Figure 8.4 Maximum pore size and mean pore size against compression pressure, as summarized 
from PSD data in Figure 8.3 
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Figure 8.5 Population of main pore size range of 10 -14 μm in overall pore volume in percentage 
against compression pressure. 
 
 
 
 
8.3.2. Compression Effects on Anisotropic Permeability 
Figure 8.6(a) shows the through-plane permeability and the two in-plane permeability 
tensors. The corresponding degree of anisotropy is calculated by Equation [7.1] and is 
shown in Figure 8.6(b). The pressure gradient is applied in through-plane z-direction. 
Figure 8.6(a) shows that the in-plane permeability values are at least one order of 
magnitude smaller than that of the through-plane permeability at all compression cases. 
However, for the uncompressed GDL sample, the exception is found that the in-plane 
permeability for y direction (kxz) is higher up to the same order of magnitude as its 
through-plane permeability; and the in-plane permeability of x direction (kzy) is at least 
one order of magnitude smaller than that of the compressed cases as shown. This may 
be due to the existence of certain local weave features in the selected uncompressed 
GDL structure that makes the LB model gives this different result, since the LB model 
deals with collision and streaming in the pore-scale of the structure. Therefore this 
accordingly gives high degree of anisotropy value of kzx/kzz for the uncompressed GDL 
of 0.49 in in-plane y-direction as shown in Figure 8.6(b) 
It can be observed from Figure 8.6(a) that both the through-pane permeability and the 
two in-plane permeability values initially peak at 0.3 MPa and then decrease with 
compression. Figure 8.6(b) also shows that the degree of anisotropy of both in-plane 
x-and y-directions increase and peak at compression of 0.3 MPa to 1.0 MPa and there is 
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a second increase at 10.0 MPa. But general trend of the degree of anisotropy for the two 
in-plane directions gradually decreases with the compression pressure. Again the 
exceptional case occurs on the GDL sample with 100.0 MPa compression pressure. It can 
be seen that the degree of anisotropy kzx/kzz in in-plane y-direction of the 100.0 MPa 
GDL is 0.14 which is about one order of magnitude higher than what might be expected 
according to the general correlations as captured in Figure 8.6(b). However for this 
100.0 MPa compression pressure pressed GDL sample, the values of degree of 
anisotropy kzy/kzz in in-plane x-direction, through-plane permeability kzz and in-plane 
permeability kzy in x-direction have the order of magnitude within the expected 
reasonable correlation as can be observed in Figure 8.6 (b) and (a). Therefore this 
exceptional case may be also due to the special local features of the selected sample that 
results in the exceptional results by the LB calculation. 
By the structural inspection, the results showed in Figure 8.6 also can be explained by 
previous presented structural images in Figure 8.2. The initial compression will firstly 
tighten the structural and with increasing the compression pressure the fiber bundles 
are stretched and spread along their length directions as shown in Figure 8.2(b)~(d) for 
compression of 0.1~1.0 MPa. This results in initial increasing of higher values in-plane 
permeability relative to the through-plane permeability as shown in Figure 8.6 at 
0.1~1.0 MPa. For compression pressure from 1.0M Pa to 10.0 MPa, the parallel 
individual fibers in the fiber bundles are tightened along their length directions and this 
however restricts the in-plane permeability. This can be observed in Figure 8.6(a) on the 
gradually decreasing of the in-plane permeability value within compression pressure 
range of 1.0 ~ 100.0 MPa.  
The results calculated by the LB model show that in compression pressure range of 
0.3~10.0 MPa the in-plane permeability is relative higher to the through-plane 
permeability, which suggests that it is possible to improve the species transport in-plane 
direction over the through-plane direction by applying the compression pressure within 
the optimal range of 0.3~10.0 MPa. This could be an important reference for fuel cells 
which employ interdigitated flow fields where the supplied through-plane gases and the 
reaction products need to move along in-plane path under the shoulder area of the 
channel to the outlets.  
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(a) 
 
 
(b) 
Figure 8.6 (a) Calculated through-plane and in-plane permeability tensors, and (b) Calculated 
degree of anisotropy on the compression pressure. kzz for through-plane z-direction, kzy and kzx 
for in-plane x-direction and y-direction, respectively 
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8.3.3. Compression Effects on Porosity 
In order to exam the effects of compression pressure applied on the fuel cell in practical 
environment, the following few sections will focus on the compression pressure range of 
0.1~20.0 MPa. 
The relationship between the compression pressure and the porosity of the samples is 
shown in Figure 8.7. The fit line of logarithm expression of the compression pressure 
range of 0.1~20.0 MPa draws the relationship below: 
6.57)ln(4.3  compP
   [8.4]
 
This result simply presents how the porosity of the carbon cloth GDL changes with the 
applied compression pressure. Within the compression pressure range of 0.1~20.0 MPa, 
the porosity of the sample decreases exponentially with increasing the compression 
pressure. It can be seen from Figure 8.7 that when the compression pressure increases 
two orders of magnitude from 0.1MPa to 20.0 MPa, the porosity are reduced about 20% 
from 67% down to 48%. This is because that the applied compression pressure 
compacts the porous fiber structure and tighten the individual fibers which result in 
diminishing of the pore volume of the GDL structure as discussed previously. 
 
 
Figure 8.7. Porosity variation on compression pressure for compressed samples with 
compression pressure of 0.1~20.0 MPa 
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In order to have a deeper understanding on the compression effect on the 
micro-structural of the carbon cloth material, it is necessary to find out the relationship 
between the through-plane permeability and the compression pressure. Firstly, Figure 
8.8 presents the relationship between non-dimensional permeability and the porosity 
for compression range of 0.1 MPa to 20.0 MPa. The permeability values are 
non-dimensionalised by dividing the values against the square of the fiber radius which 
is determined from the GDL sample in Figure 8.2(a) and is obtained as 4 μm. As can be 
seen from Figure 8.7, the LB model prediction shows that the decrease in porosity can 
result in a decreasing of the through-plane permeability. This agrees well with the 
predicted relationship by the Kozeny-Carmen (KC) equation 2
3
2 )1(4 



KCKr
k
 
previously introduced in Equation [7.2]. The KC constant KKC is tuned to a value of 1.3 
which is close to the KC constant value of 1.4 for E-Tek cloth ‘A’ in the work by Gostick et 
al86 who reported the experimental measurement on permeability.  
 
 
Figure 8.8. Non-dimensional through-plane permeability against the corresponding porosity 
 
 
 
The non-dimensional permeability relationship with compression pressure is illustrated 
in Figure 8.9. The predicted results show good agreement between the data from LB 
model and the calculated from the Equation [8.4] and Equation [7.2]. The results 
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0.1 MPa to 20.0 MPa, the through-plane permeability can be reduced at least one order 
of magnitude. Figure 8.7 presents the porosity as a function of compression pressure 
and Figure 8.8 shows the permeability and porosity relationship. This therefore 
establishes the relationship between the through-plane permeability and the 
compression pressure.  
 
 
Figure 8.9. non-dimensional through-plane permeability as a function of carbon cloth GDL 
compression pressure 
 
 
 
 
 
8.3.4. Compression Effects on Tortuosity 
The tortuosity is defined as the ratio of the actual path of the fluid flow through the 
porous media to the thickness of the porous media in the flow direction. Figure 8.10 
shows the effect of the compression pressure on the tortuosity   in the through-plane 
direction of the compressed carbon cloth GDL. The predicted data are fitted by the 
generalized equations231: 
q)( 0     [8.5] 
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where 0  
is the percolation threshold which is a tunable parameter to control the fluid 
flow transport through the porous media. q  is an exponent and equals to -1.5. The 
value of the percolation threshold 0  is rarely reported in the literature. Therefore it is 
difficult to estimate the value for a specific range for the carbon cloth since it depends on 
the fiber arrangement. In the previous study of uncompressed regular woven carbon 
cloth GDL in Chapter 7, the percolation threshold 0  is tuned to a value of 0.6 for the 
best results. For the compressed carbon cloth employed in this study, the percolation 
threshold 0  is set to 0.09 which falls within the range of 0.037 ~ 0.33 as reported by 
Gostick et al86 for porous medium with randomly overlapping fiber structures. 
Basically, the results show that the decrease in porosity will result in an increasing of 
the tortuosity. For uncompressed sample with porosity around 80% the through-plane 
tortuosity has a value around 2. With decreasing the porosity down to 40% due to the 
exerted compression pressure, the tortuosity reaches a value of 5 which demonstrates 
that 40% decrease in porosity can result in about 150% increasing in tortuosity for the 
carbon cloth GDL studied. This indicates that the compaction of the fiber bundles of the 
GDL structure with increasing compression pressure changes the pore distribution and 
connection within the GDL therefore extends the actual pathways which become more 
tortuous for gas transport through.  
 
 
Figure 8.10. Through-plane tortuosity as a function of porosity for all uncompressed and 
compressed carbon cloth GDL samples. 
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8.3.5. Compression Effect on 1D Partial Pressure  
The compression effects on the GDL structure and the transport properties have been 
reported in previous section. Therefore in this section one dimensional partial pressure 
of water and oxygen across uncompressed and compressed GDLs in through-plane 
direction are simulated using LB model for the purpose of understanding the 
compression effects on the flow transportation within the GDL. The simulations are 
carried out at current density range of 0.2 ~1.2 A/cm2. The cell operating conditions for 
the simulation are shown in Table 8.2. 
 
Properties Values 
 
Cell temperature, °C 
 
70.0  
Cell area, cm2 5.0  
PEM thickness, μm 25.4  
PEM equivalent weight, g/cm3 1100.0  
Cathode pressure, bar 1.0  
Cathode RH 50%  
Anode pressure, bar 1.5  
Anode RH 0%  
 
Table 8.2. Thermodynamic operating conditions for calculating the boundary conditions for LB 
model by the 1D GTE fuel cell model. 
 
In the SPMC LB model, the channel/GDL interface and GDL/catalyst layer interface are 
the two boundaries where the partial pressure and flow rates of each species are 
specified, respectively. However, due to the compression effect, the parameters of the 
compressed GDL such as thickness, porosity, permeability and tortuosity are changed. 
The boundary conditions for all compressed GDLs therefore are different and need to be 
calculated according to the GDL structural parameters. In previous section the results of 
porosity, permeability and tortuosity of the compressed GDLs are presented and 
validated. These parameters were supplied to the 1D GTE model to calculate the 
boundary conditions of partial pressure and flow rate for the GDL samples. The details 
were explained previously in section 6.3 of Chapter 6. 
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Water Partial Pressure 
Figure 8.11~8.13 illustrate the one dimensional water partial pressure distribution of 
the compressed GDL samples in the through-plane flow direction which is perpendicular 
to the x-y plane. The compressed GDL samples employed are of 0.1 MPa, 1.0 MPa, 10.0 
MPa and 20.0 MPa compression pressure. The simulations are carried out at three 
operating current densities of 0.2 A/cm2, 0.6 A/cm2 and 1.2 A/cm2. The x-axis represents 
the non-dimensional thickness of the GDL where the 0.0 position represents the channel 
side of the GDL and the 1.0 position represents the catalyst layer side of the GDL.  
Similar to the previous work done in Chapter 6, the water and oxygen flow rate at the 
GDL/catalyst layer boundary is presented in Figure 8.14 to clarify the flow direction. 
Since the pressure profile in all the samples shows the same gradient, water and oxygen 
flow rate data for the 1.0 MPa sample is used and generated at 0.2 A/cm2, 0.6 A/cm2 and 
1.2 A/cm2 current density. The positive value of the flow rate shows that the flow 
transports from channel side of the GDL to the catalyst layer side. This is because the 
molecular diffusion overcomes the electro-osmotic dragged flow which results in the 
flow transport towards the catalyst side. As for the negative value, it indicates that the 
flow transports in from catalyst layer side of the GDL to the channel side due to the 
strong electro-osmotic drag. 
At low current density of 0.2 A/cm2 as shown in Figure 8.11, water moves from channel 
side of the GDL towards the catalyst layer side of the GDL which causes the water 
pressure decreases from channel side of the GDL towards catalyst side. This is because 
the stronger diffusion of water overcomes the electro-osmotic drag which drives water 
flows through the GDL towards catalyst layer side as can be seen in Figure 8.14. For the 
uncompressed GDL, the pressure difference across the GDL is 36.3 Pa. By increasing the 
compression pressure from 0.1 MPa to 20.0 MPa, the pressure difference across the GDL 
increases 64.4% from 37.4 Pa to 105.2 Pa. It has been reported previously that the 
compaction of the GDL fiber bundle structures due to the compression causes reduction 
of porosity and through-plane permeability and increase in tortuosity. This therefore 
restricts the gas transport through the GDL. 
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Figure 8.11. Compression effect on partial pressure of water at 0.2 A/cm2 current density 
 
At medium current density of 0.6 A/cm2 as shown in Figure 8.12, the water pressure 
decreases towards channel side of the GDL. This pressure gradient can be explained by 
the water flow rate presented in Figure 8.14. The water flow rate at medium and high 
current density conditions gives negative values which means that the water flow 
transports from GDL/catalyst layer side towards channel side. This is because at the 
GDL/ catalyst layer interface the electro-osmotic drag overcomes the water diffusion. 
Therefore it can be understood that the water pressure decreases from catalyst side of 
the GDL to the channel side of the GDL. The results show that for uncompressed GDL the 
pressure at channel side of GDL is 153 Pa lower than that at the catalyst side. By 
increasing the compression pressure from 0.1 MPa to 20.0 MPa, the LB model suggests 
that the pressure difference from catalyst side to the channel side of the GDL increases 
66.2% from 158 Pa to 467 Pa. This is again due to the decrease in porosity and 
through-plane permeability of the computation of the GDL structures with compression 
pressure. Besides, the increase in tortuosity with compression pressure also brings the 
difficulties to the flow to transport through the GDL.  
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Figure 8.12. Compression effect on partial pressure of water at 0.6 A/cm2 current density 
 
In Figure 8.13 at high current density of 1.2 A/cm2, the water flow leaves the GDL 
towards the channel, therefore the water pressure decreases from catalyst side of the 
GDL towards channel side. For the GDL with 0.1 MPa compression load, the pressure at 
catalyst side of GDL is 438 Pa higher than that at the channel side of the GDL. However 
for the 20.0 MPa compression case, the pressure difference from catalyst side to channel 
side of the GDL reaches 5008 Pa which is 91.2% higher than that of 0.1 MPa 
compression pressure. The results again indicate that the water partial pressure can be 
influence by the compression pressure since the porosity and through-plane 
permeability of the GDL are reduced.  
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Figure 8.13. Compression effect on partial pressure of water at 1.2 A/cm2 current density 
 
 
Figure 8.14 Simulated water flow rate at GDL/catalyst layer interface for the GDL with 1.0 MPa 
compression pressure at 0.2 A/cm2, 0.6 A/cm2 and 1.2 A/cm2 current density condition. 
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pressure and uncompressed GDL at 0.2 A/cm2, 0.6 A/cm2 and 1.2 A/cm2 current 
densities. The x-axis representation of the GDL is the same as in Figure 8.11~8.13. Since 
the oxygen is supplied to the channel and consumed at GDL side of catalyst layer, the 
oxygen pressure decreases along the through-plane flow direction towards catalyst 
layer side of the GDL. Overall it can be seen from Figure 8.15~8.17 that the oxygen 
pressure difference across the GDL increases with increasing the compression pressure. 
At low current density of 0.2 A/cm2 in Figure 8.15, the values pressure drop from the 
channel side to the catalyst side for all cases are within 0.9%. In Figure 8.16, at 0.6 
A/cm2, for the GDL with 0.1 MPa compression pressure, the pressure at catalyst side of 
the GDL is 1.1% lower than that at channel side. This pressure drop increases to 3.3% 
for the GDL compressed to 20.0 MPa compression pressure. At high current density of 
1.2 A/cm2 as can be observed in Figure 8.17, for 20.0 MPa compression case, the 
pressure at the catalyst side of the GDL is 94.6% lower than that at the channel side of 
the GDL. The reasons of these results again are that the porosity and the through-plane 
permeability are reduced by the applied compression pressure; also the tortuosity of the 
GDL increases due to the compression effect.  
Incidentally, the oxygen partial pressure for the 20.0 MPa sample in Figure 8.15 shows 
relatively higher than others; however it exhibits the same pressure gradient compared 
to others. By comparing the pressure drop for the 20.0 MPa sample to that of the other 
samples, as illustrated in Figure 8.19, it can be observed that the pressure drop across 
the GDL sample increases with increasing the compression pressure; and the higher 
pressure drop happens on 20.0 MPa sample. This would suggest that the reasonable 
result of pressure drop obtained for the 20.0 MPa sample is possible to prove the correct 
prediction on the pressure profile. As for the visible pressure appearance of the 20.0 
MPa sample shown in this figure, it might be due to the small scale of the pressure drop 
at low current density which enlarges the difference of the pressure profile between 
different samples. 
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Figure 8.15 Compression effect on partial pressure of oxygen at 0.2 A/cm2 current density 
 
 
Figure 8.16. Compression effect on partial pressure of oxygen at 0.6 A/cm2 current density. 
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Figure 8.17. Compression effect on partial pressure of oxygen at 1.2 A/cm2 current density. 
 
The pressure difference across the GDL of water and oxygen has been summarized in 
Figure 8.18 and Figure 8.19, respectively. The y-axis represents the pressure difference 
across the GDL from the channel side to the catalyst side. Therefore the negative values 
of the pressure difference shown in Figure 8.17 means that the pressure decreases 
across the GDL from catalyst side to the channel side. It can be observed from both 
Figure 8.18 and Figure 8.19 that the pressure difference across the GDL increases with 
increasing the current density for all GDL cases. It also can be seen that the 
uncompressed GDL has the smallest pressure difference at all three current densities 
and the pressure difference increases with compression. Therefore it confirms that the 
water and oxygen transport across the GDL thickness can be influence by the 
compression exerted onto the GDL, since the porosity and through-plane permeability 
are reduced with compression which also reversely increases the tortuosity of the GDL 
due to the structural change explained previously.  
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Figure 8.18 The pressure drop of water vapour across the GDL against the compression pressure 
of 0.0~20.0 MPa at current density of 0.2 A/cm2, 0.6 A/cm2 and 1.2 A/cm2. 
 
 
 
Figure 8.19 The pressure drop of oxygen across the GDL against the compression pressure of 
0.0~20.0MPa at current density of 0.2 A/cm2, 0.6 A/cm2 and 1.2 A/cm2. 
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8.4. Conclusions 
During fuel cell assembly the assembly compression pressure applied to the fuel cell is 
necessary since proper compression pressure can prevent from leakage problem, but 
this compression pressure also has effects on the porous GDLs which provide pathways 
for reactant and product water transport through. However due to the complex 
geometry and micro-scale of the GDL interior structure, it is difficult to carry out 
detailed study on physical properties of GDLs and the flow characteristics within the 
GDLs. Therefore in order to have a deeper understanding of the compression effects on 
the porous GDL structure and the transport properties and the flow transport within the 
GDL, in this study it reports the Lattice Boltzmann simulation on the reconstructed 3D 
digital images of the actual compression GDL structure which are generated using the 
x-ray tomography technique. The following conclusions are drawn from this study: 
<1>. All the samples are from the same batch of carbon cloth GDL and are compressed 
individually at different compression levels in the range of 0 ~ 100 MPa. The 
compression process is carried out by saturating the carbon cloth GDL with PDMS and 
then hot-pressed to form flexible elastomer. The x-ray tomography then is used to carry 
out the imaging process of the PDMS treated samples. The compressed GDL samples are 
reconstructed to 3D digital binary images.  
<2>. The structural inspection of the three-dimensional reconstructed of the 
compressed GDLs have shown that the general compaction of the fiber bundles can be 
found at initial compression up to 0.3 MPa compression. With increasing the 
compression pressure to 3.3 MPa, the fiber bundles are extended towards their length 
directions which reduce large pore space in areas of intersection fiber bundles. As the 
compression increases up to 100.0 MPa the deformation of individual fibers occurs. 
<3>. The pore size distribution (PSD) data of the compressed carbon cloth samples are 
generated. The results explain that the increasing in compression pressure on the 
carbon cloth structure will reduce the pore size. The maximum pore size of the samples 
drops from 125 μm of uncompressed sample to 31 μm by 100 MPa compression 
pressure. The average pore size reduces from 33 m to 12 μm, however, the pore sizes in 
the range of 10 ~14 microns has the largest population within the GDL for both 
compressed and uncompressed GDL samples.  
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<4>. The compression effects on permeability, porosity and tortuosity are studied. The 
results of the degree of anisotropy of GDLs with compression of 0.1 MPa to 20.0 MPa 
compressions show that the compression range of 0.3 to 10.0 MPa will give optimum 
in-plane permeability to through-plane permeability. The porosity is presented as a 
function of compression pressure and fit by a logarithmic expression. The result shows 
the decreasing of porosity with increasing of compression loads. The relationship of 
non-dimensional permeability as a function of porosity agrees well with Kozeny-Carmen 
equation with KC constant set to 1.3. The through-plane permeability is correlated to 
compression pressure. The result shows the decreasing in through-plane permeability 
with increasing the compression pressure. The through-plane tortuosity as a function of 
porosity is presented with the threshold percolation 0  set to 0.09. The results 
indicate that decreasing of porosity reversely increases the tortuosity under 
compression pressure. 
<5> One-dimensional partial pressure of water and oxygen across the GDL in the 
through-plane direction is presented at three operating conditions: 0.2 A/cm2, 0.6 A/cm2 
and 1.2 A/cm2. The GDLs selected are with compression pressure of 0.0~20.0 MPa. The 
results show that compression pressure applied across the GDL can influence the 1D 
partial pressure of water and oxygen. By increasing the compression pressure from 0.1 
MPa to 20.0 MPa, the values of pressure difference of water increase by 64.6%, 66.2% 
and 91.2% at 0.2 A/cm2, 0.6 A/cm2 and 1.2 A/cm2 current density, respectively. The 
results of oxygen partial pressure also show an increasing in the pressure difference 
across the GDL with compression pressure. These results demonstrate that the flow 
transport within the GDL can be affected due to the decrease in porosity and 
through-plane permeability and increase in tortuosity with compression. 
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CHAPTER 9.  Conclusions  
 
 
 
9.1. Conclusions 
This research work is specialized in the study of carbon based GDL material and the 
simulation of flow characteristics within the GDL. The main contribution of the work is 
primarily made to establish the integrated simulation methodology of LB model and 
x-ray tomography imaging technique. The developed x-ray tomography based LB model 
aims at providing a better understanding on the microstructure of the porous media and 
the flow transport phenomena within it.  
The GDLs play important roles in a PEM fuel cell of transporting reactant to the catalyst 
layers, removing excess water out of the catalyst layer and conducting electrons. Due to 
the high porosity and electrical conductivity, carbon based materials are usually chosen 
to make the GDLs. The common two GDL materials are carbon paper and carbon cloth. 
The carbon paper GDL is produced by randomly arrangement of carbon fiber and the 
carbon cloth GDL consists of regular woven bundles in weave pattern. Due to the 
difference in fiber arrangement, the structural influence of carbon paper and carbon 
cloth on GDL characteristics and flow transport phenomena within are different. 
However both the types of GDL structures exhibit porous and heterogeneous nature. 
Literatures have reported many works on the GDL study at various aspects. Most of the 
models are based on macroscopic approach to describe the transport phenomena of the 
GDLs; a few groups have studied the GDLs at pore-level using pore-network model; CFD 
method also have been used as a numerical tool to investigate the fluid flow within the 
GDL. These models simulate the fluid flow transportation phenomena by either volume 
averaged frame or by solving complex partial differential equations. Besides, due to the 
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complex micron-scale structure involved, almost all of the existing works employ 
stochastic techniques to reconstruct digital three-dimensional models of the carbon 
based GDLs. In order to gain in-depth understanding of the transport properties and 
flow characteristics in the GDL at micro-scale, new image reconstruction techniques are 
required to reveal the actual structural characteristics of the GDL. 
More recently, advanced imaging techniques have been employed as a tool to capture 
detailed microstructural characteristics and flow transportation within the GDL such as 
scanning electron microscopy (SEM), nuclear magnetic resonance (NMR) microscopy, 
neutron imaging, micro/nano tomography and fluorescence microscopy. Among them, 
the x-ray tomography imaging technique has been proved as a noninvasive technique to 
reconstruct the three-dimensional images based on t actual structures of the carbon 
paper/cloth GDLs with resolution up to micron scale. The usage of the x-ray tomography 
ensures the reconstructed GDL structures employed for the simulation close to reality to 
the maximum. The x-ray tomography system consists of x-ray sources and x-ray 
detectors. The process of reconstructing a three-dimensional porous GDL structures by 
x-ray tomography includes mainly three steps: (1) two-dimensional image acquisition. 
This first step will generate two-dimensional shadow images which are all in grey scale; 
(2) the obtained two-dimensional shadow images have to be processed and 
threshold-tuned before the images can be reconstructed into three-dimensional 
structures and (3) reconstruction of the three-dimensional binary images using CTAn 
software. The 3D reconstructed digital binary images generated by the x-ray 
tomography can be directly read by the LB model for simulation. 
Simulation on fluid transport within the GDL has been reported in literatures. Most of 
the works use the traditional simulation methodologies such as CFD which solves the 
complex partial differential equation. However, the LB method, originally from the LGCA, 
has the capacity of simulating the fluid flow in complex porous geometry by tracking 
collision and streaming of the particles in the porous GDL. The LB method constructs 
micro/mesoscopic behavior of particles to investigate the macroscopic phenomena but 
also independently focus on micro-world without being restrained by the macroscopic 
phenomena of the system. The basic unit in the LB method is a regular lattice. The 
D3Q19 lattice scheme used for this research states that for particles on a 
three-dimensional lattice cube, there are 19 velocity directions available for moving. The 
bounce-back method is employed for the treatment of void-solid boundary in the LB 
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simulation due to its simplicity.The adoption of the single relaxation term of BGK in the 
LB method helps the velocity distribution function gets close to equilibrium state.  
The work presented in this research employs a modified single phase LB model which 
was previously developed for application on soil structure to simulate the fluid flow 
transportation within the GDL. The three-dimensional microstructures of the carbon 
paper and carbon cloth GDLs are generated by the x-ray tomography imaging technique. 
The boundary conditions of flow rate and partial pressures of the reactants at the two 
side of the GDL are supplied. The single component LB model is used to calculate the 
transport properties of the GDL such as porosity, permeability and tortuosity; and the 
multi-component LB model is capable of simulating the flow transport within the GDL. 
Simulation studies are carried out in two groups. One group of study is on the carbon 
paper GDL and the other group is on the carbon cloth GDL. Due to the limitation of the 
x-ray detector area as well as the computational resource, it is difficult to image and 
carry out simulation on large size of gas diffusion layer samples. Therefore for large 
carbon paper or carbon cloth samples, they are divided into small-sized regions for 
imaging and simulation. 
The study of carbon paper GDLs can be summarized as: 
<1>. Based upon the three-dimensional reconstructed structures acquired by the x-ray 
tomography from the actual carbon paper GDL structures, the 3D single phase LB 
simulation show that for the carbon paper employed in this research the mean absolute 
through-plane permeability is around two orders higher than that of the in-plane. The 
results have been validated with the experimental values and show good agreement.  
<2>. When the pressure is applied in the through-plane direction, the flow will travel not 
only in through-plane direction but also in the in-plane direction. The structural 
inspection of the carbon paper GDL show that the existence of large pore volume in the 
structures ensure higher through-plane permeability while lower through-plane 
permeability is due to the tight structure and lacking of large pore space. 
<3>. The one-dimensional partial pressure of water, oxygen and nitrogen are obtained 
under four different operating conditions. The non-linearity of the pressure profiles of 
all the gases predicted by the LB model indicates the heterogeneity of the porous GDL 
structure, since the LB simulation is performed by tracking the collisions between 
particles and with the walls.  
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Different from carbon paper, the carbon cloth material is structured by regular woven 
bundle and can be compressed by 30%~50%. So for the carbon cloths GDLs there are 
two sets of studies: uncompressed GDL and compressed GDL. All the GDL structures are 
reconstructed using the x-ray tomography technique so that the reconstructed 
three-dimensional binary images contain the actual information of the GDL. For the 
carbon cloth GDL without compression, the results show that:  
<1>. The value of mean through-plane permeability of the carbon cloth is one order of 
magnitude higher than that of the in-plane permeability. The structural inspection 
explains that the lower permeability of the structures can be due to the tight 
arrangement of the regular weave pattern fiber bundle layout. The existence or large 
void space especially at areas where two fiber bundles intersect allows the gas transport 
easily hence higher permeability. 
<2>. The results of degree of anisotropy of different regions of one cloth have been 
obtained and agree well with the experimental values. By examining the fiber alignment 
of the samples it has been found out that the degree of anisotropy can be influenced by 
the fiber bundle layout and individual fiber arrangement. Higher anisotropic 
permeability exists in areas where contains void space between or around the four 
intersecting fiber bundles. 
<3>. The dependency of the dimensionless permeability to the porosity of the carbon 
cloth GDL has been obtained and agrees well with the Carman-Kozeny (KC) equation 
and Tomadakis-Sotirchos (TS) equation. The KC constant value of has been tuned to 44 
for the porosity range of 91% ~ 95.5%; and in the TS model the percolation threshold 
p  is tuned to 0.61. These two methods give the average errors of 13.4% and 12.1%, 
respectively. 
Since the assembly pressure is applied to the operating fuel cell, the GDLs are also 
compressed due to these pressures however the GDLs have to provide pathways for the 
reactant and product water transport. So the compression effects on the carbon cloth 
GDL structure and transport properties and flow transport within the GDL are studied. 
The results are summarized below: 
<1>. The samples that are from the same batch of carbon cloth GDL are compressed at 
different compression levels 0f 0.1 MPa, 0.33 MPa, 1.0 MPa, 3.3 MPa, 10.0 MPa, 20.0 MPa 
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and 100.0 MPa. The structural inspection of the three-dimensional reconstructed of the 
compressed GDLs have shown that the general compaction of the fiber bundles can be 
found at initial compression up to 0.3 MPa compression. With increasing the 
compression pressure to 3.3 MPa, the fiber bundles are extended towards their length 
directions which reduce large pore space in areas of intersection fiber bundles. As the 
compression increases up to 100.0 MPa the deformation of individual fibers occurs. 
<2>. The pore size distribution (PSD) data of the compressed carbon cloth samples are 
generated. The results reveal the pore size distribution with the compression loads. It 
has been found out that the maximum pore size drops from 125 μm of uncompressed 
sample to 31 μm of 100 MPa sample. The average pore size also decreases from 33 μm to 
12 μm. However, the main pore sizes are in the range of 10 ~14 microns. This band of 
pore size contributes to the largest population within the GDL for both uncompressed 
and compressed GDLs.  
<3>. The compression effects on through-plane permeability, porosity and 
through-plane tortuosity are studied. The porosity is presented as a function of 
compression pressure and fit by a logarithmic expression. The results show decrease in 
porosity with increasing the compression pressure. The relationship of non-dimensional 
permeability as a function of porosity agrees well with Kozeny-Carmen equation with 
KC constant set to 1.3. The results of through-plane permeability against compression 
pressures show decreasing of through-plane permeability with increasing the 
compression pressure. The through-plane tortuosity as a function of tortuosity indicates 
that decreasing in porosity reversely increases in tortuosity.  
<4>. One-dimensional partial pressure of water and oxygen across GDL thickness is 
presented at three operating conditions: 0.2 A/cm2, 0.6 A/cm2 and 1.2 A/cm2. The GDLs 
selected are with compression loads between 0.0 MPa to 20.0 MPa. The results show 
that the compression pressure applied across the GDL can influence the 1D partial 
pressure of water and oxygen. This is mainly due to the decrease in porosity and 
through-plane permeability and the increase in tortuosity with compression. 
Overall this research has demonstrated the capability of using three-dimensional single 
phase LB model and x-ray tomography imaging technique to investigate the 
microstructure and transport properties of the porous media of GDLs and to predict 
flow characteristics in gas diffusion layer. The good agreement between the results 
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generated by the LB model and the published literature data proves the reliability of this 
combined methodology in produce accurate results. In summary, this x-ray tomography 
based LB method distinguished itself from others methodologies in that: 
<1> The LB method simulates the fluid dynamics by tracking the streaming and collision 
of a number of fictitious particles in a lattice, rather than directly solve the partial 
differential equations.  
<2> The x-ray tomography imaging technique as a noninvasive technique is able to 
reconstruct three-dimensional digital images based on actual microstructures of the 
porous carbon based GDLs that does not need sample preparation.  
<3> The 3D digital images of the carbon GDLs samples can be directly uploaded to the 
LB model for flow simulation based on the actual GDL geometry. The single phase LB 
model can calculate the transport properties such porosity, permeability and tortuosity; 
and the multicomponent LB model can predict the flow transport within the GDL. 
9.2. Recommendation for Future Work 
The work presented in this thesis proves the capacity of the x-ray tomography based LB 
model in predicting flow characteristics and transport phenomena in porous media. 
However it is still at an early stage of its evolution to be developed to a comprehensive 
LB tool in aspects of integration and efficiency. Based on the experience gained through 
this research work, the following recommendations for the future work on aspects of 
porous media modelling in fuel cell context and LB simulation are provided: 
For the porous media simulation in PEM fuel cell, future work on the following areas 
may be carried out to extend the research to gain better understanding on the porous 
media and the PEM fuel cell performance: 
<1> The water management issue is one of the most important part in the PEM fuel cell 
since the accumulation of liquid water can block pores of the porous GDL and cathode 
catalyst layer causing water flooding. In the current study, the simulation was carried 
out only on gas phase and liquid water existence is not considered. The liquid water 
treatment could be included by extending the single phase LB model to two phase LB 
model. 
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<2> The MPL is a microporous layer containing hydrophobic agent. This layer can 
provide proper surface pore size and hydrophobicity to avoid flooding problem and to 
provide intimate electronic contact with the catalyst layer. The GDL samples employed 
in this research contain no MPL. The MPL model could be added to the current model in 
future work so that full GDL function within the PEM fuel cell can be simulated and 
better understood. 
<3> The electrical and thermal conductivity of the GDL can be affected by the 
inhomogeneous compression exerted by the flow field plate when the fuel cell is 
assembled together by the applied compression pressure. Increasing the compression 
pressure improves the electrical and thermal conductivity however hinders reactant 
transport and water removal. Therefore it could be important to target the appropriate 
compression pressure range to maintain the optimal cell performance. 
<4> The limiting current is a representative parameter of oxygen transport limitations 
through layers where no electrochemical reaction taking place, such as the GDL. In 
literature, however, few works has been done to correlate the GDL characteristics to the 
limiting current or the systematic performance effects. This research area might worth 
to be carried out for updating the understanding of the GDL properties on the PEM fuel 
cell performance.  
For the improvement on the LB model for future applications, the following aspects 
could be considered to meet wide demands on LB simulation: 
<1> The LB simulation requires large computational resource and processing time 
which in reality limits the image size which can be handled by the LB model. Parallel 
computing could be an advantage for LB simulation to meet its large computational 
demands so that large image mesh that may contain more representative features of the 
interested structure could be processed. 
<2> In the LB simulation, the spatial resolution of the LB model has to match the 
resolution of the 3D binary image according to the image size, the complexity of the 3D 
structure and the computational resources available. The relationship between the 
optimum spatial resolution of the LB model and the resolution of the 3D image could be 
an area to be explored as the sensitivity study by examining the influence of varying the 
spatial resolution of the LB model on the accuracy of the results which is not included in 
the current research.  
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<3> The LB model developed in this research is still at its early stage, the LB simulation 
procedure could be difficult to operate directly by users. Therefore future development 
on the LB model could be carried out to normalize the LB simulation frame to a 
user-friendly platform to save manpower and be developed into a LB simulation 
software package for more comprehensive applications.  
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